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The orange-colored sponge ‘‘ Reniera 
japonica’’ which is widely distributed in 
the tidal zone in our shores contains a 
number of polyene pigments consisting 
of various carotenoid hydrocarbons with 
different types of chromophores as well 
as of several oxygenated carotenoids. 

The six carotenoid hydrocarbons isolated 
in crystalline states from this sponge have 
already been reported in the preceding 
paper». In the present paper are reported 
the results obtained by further investiga- 
tions which have clarified to a considerable 
extent the total composition of the coloring 
matters of this sponge by the isolation of 
nine different polyene pigments in crystal- 
line states in addition to the above six 
hydrocarbons. 

The materials were collected near the 
Amakusa Marine Laboratory attached to 


the Faculty of Science, Kyushu University. . 


The sponge was extracted with acetone 
and petroleum benzine, and after saponific- 
ation the crude pigment which consisted 
mainly of carotenoid hydrocarbons was 
precipitated from the petroleum benzine 
solution by the addition of ethanol. The 
crude pigment and the mother liquor were 
separately subjected to chromatography. 
Almost all zones in the chromatograms 
afforded crystallized pigments. All pig- 
ments obtained are listed in Table I in 
the sequence of increasing adsorbability. 
Several of these pigments appear to be 
new pigments hitherto unknown. 

It should be emphasized that only one 
species of sponge contains such numerous 
polyene pigments. Of course it may be 
possible that a few minor pigments do not 
belong to this sponge but, in reality, toa 
small quantity of algae with which the 
sponge is inevitably contaminated. Of 
these pigments listed above, renieratene 
predominates in quantity, the pigments 
which melt at 199° and -carotene are the 
next, and the quantities of other pigments 
are much smaller. ~ 

* “Pigments of Marine Animals”, III. II of this 

pny Chem. Soc. Japan. (Pure Chem. Sect.), 75. 


1) T. Tsumaki, M. Yamaguchi and T. Tsumaki, /. 
Chem. Soc. Japan. (Pure Chem. Sect.) 75, 297 (1954). 


TABLE I 
PIGMENTS OBTAINED FROM “‘ Reniera japonica ”’ 


Spectral absorption Melting orig — 


maxima in CSo; in mz point sponge; inmg. 
507, 478, 447 185 4 
(@-carotene) 
520, 485, 452 183: 20 
(8-carotene) 
520, 484, 452 
524, 488, 453 
532, 496, 463 
(renieratene) 
536, 499, 467 
544, 504, 475 
(renierapurpurin) 
531, 494, 463 
558, 521, (492) 
(renieraxanthin) 
548, 512, (471) 
495, a single maximum 
507, 475, 445 
518, 483, 452b) 153-4 0.4 
530, 493, 461¢) 173-4 1.0 
558, 517, (485) —a) 


a) As the yields of these pigments were 
very small, they were not weighed. 

b) Not identical with cryptoxanthin. 

c) Not identical with rubixanthin, nor pro- 

bably with gazaniaxanthin. 


The main pigment ‘‘ renieratene ’’ seems 
to have a molecular formula CyHis or 
CyoHso on the basis of the analytical data, 
and it shows the highest carbon content 
of the carotenoid pigments hitherto re- 
ported. The study on the structure of 
this unique carotenoid hydrocarbon is now 
in progress. 

The pigment of m. p. 199° is of interest, 
since it shows the same spectral properties 
as those of 8-carotene. It closely resembles 
leprotin®?® (CyH;;; abs. max. in CS), 517, 
479, 447 mu; m.p. 198-200°) especially in 
melting point and in spectral properties. 
However, as the elementary analysis 
showed 90.91% carbon and 9.38% hydrogen, 
which corresponds to the formula CyHys 
or CyHso, it may not be said safely that 


2) C. Grundmann und Y. Takeda, Naturwissenscha- 
Sten, 25, 27 (1937); Y. Takeda und T. Ohta, Z. Physiol. 
Chem. 258, 6 (1939). 
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the two pigments are identical with each 
other. 

The pigment of m. p. 230° also appears 
to be a new carotenoid having a molecular 
formula CyH;. This pigment is termed 
renierapurpurin by the author. 

These three hydrocarbons have a com- 
mon feature of high carbon content, and 
therefore these pigments appear to be 
closely related to one another in their 
constitutions. 

Although the pigment of m. p. 161° forms 
only a small proprotion of the total amount 
of all the pigments obtained, it is of 
importance, since it is the greatest in 
quantity among the oxygenated pigments 
isolated. This pigment resembles rhodo- 
vibrin*? which has been isolated by Karrer 
and his co-workers from rhodovibrio-bac- 
teria, but the identity is improbable. 
The name renieraxanthin is tentatively 
proposed for this pigment by the author. 
The elementary analysis shows that this 
pigment has the molecular formula 
C,,H;;O.. Both the oxygen atom in the 
molecule do not appear to exist in the 
form of hydroxyl groups or a carboxyl 
group, since the pigment exhibits an almost 
epiphasic nature in the partition test. 
The possibility of the presence of epoxide 
groups may also be excluded on the basis 
of the negative result in the color test 
with concentrated hydrochloric acid. The 
solution of this pigment in petroleuim 
benzine is orange, while the solution in 
ethanol is wine-red, and, though the for- 
mer exhibits an absorption spectrum with 
three sharp maxima, the latter shows a 
single banded absorption spectrum. These 
facts indicate that renieraxanthin contains 
at least one carbonyl group in the mole- 
cule, since these phenomena are generally 
accepted as the typical properties of caro- 
tenoids containing systems of conjugated 
double bonds terminated by carbonyl 
groups. This conclusion is also in accord 
with the long-wavelength locations of the 
absorption maxima of the pigment. 

Other pigments were not analysed be- 
cause of the small quantities of materials. 

The coloring matter of the sponge has 
hitherto often been studied by different 
investigators on various species’. How- 
ever, more precise investigations are 
relatively few. Lederer’? observed by 
means of chromatography that the red 


3) P. Karrer und U. Solmssen, Helv. Chim. Acta, 
19, 1019 (1936). 

4) P. Karrer und E. Jucker, ‘Carotinoide”, Basel 
(1948), P. 95. 

5) E. Lederer, Bull. soc. chim. biol., 20, 567 (1938). 
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sponges, ‘‘ Suberites domuncula’’ and “ Ficu- 
lina ficus’’ contained the following pig- 
ments: epiphasic pigments with absorption 
maxima similar to those of a-, 8-, and 7- 
carotene, respectively ; the corresponding 
oxygenated carotenoids; and a somewhat 
hypophasic pigment with absorption max- 
ima similar to those of tolurin. Of these 
pigments, §8-carotene was isolated in the 
crystalline state. Drumm and his co- 
workers® studied the red sponge ‘“‘ Hy- 
meniacidon sanguineum’’ and isolated from 
its a-, 8-, Y-carotene and echinenone in 
crystalline states. Karrer and his co- 
workers”, on the other hand, described 
the presence of the crustacean pigment, 
astacene, in the red sponge of the Mediter- 
ranean Sea, ‘‘ Axinella crysta galli’’. How- 
ever, no elementary analysis of the 
pigments were reported in these miscel 
laneous reports. 

Being compared with these results, the 
sponge ‘‘ Reniera japonica’’ has proved to 
have the following characteristic features 
with regard to the constituents of the 
coloring matter. 

1. The main pigment exhibiting the 
same spectral properties as those of 7- 
carotene is not Y-carotene but is a new 
carotenoid hydrocarbon (CyHis or CyoHs), 
for which the name renieratene has been 
proposed in the preceding paper. 

2. Two hydrocarbons which show the 
same absorption maxima as those of (- 
carotene are present in considerable quan- 
tities. One of them is §-carotene and the 
other is leprotin-like carotenoid hydro- 
carbon (CyHys or CyoHs0). 

3. A pigment which shows the spectral 
properties similar to those of torulin is 
isolated, but it has the nature of a caro- 
tenoid ketone (CywH;;O.). It is termed 
renieraxanthin. 

4. In addition to the pigments above 
described, several hitherto unknown pig- 
ments are present in small quantities, one 
of which has proved to be a hydrocarbon 
(C,oHs0) and is termed renierapurpurin. 


Experimental 


Solutions of the pigments were evaporated 
under reduced pressure in the stream of carbon 
dioxide. In chromatography benzene containing 
a little methanol was employed for elution. In 
the partition tests, petroleum benzine b. p. 70-80 
and 90% methanol were employed unless other- 
wise mentioned. In the color tests with conc. 


6) P. J. Drumm, W. F. O’Connor and L. P. Renouf. 
Biochem. J., 39, 208 (1945). 

7) P. Karrer und U. Solmssen, Helv. Chim. Acta, 
18, 915 (1935). 
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sulfuric acid or with antimony trichloride, the 
pigments were dissolved in chloroform. Melting 
points were determined in evacuated tubes. 

Extraction and the Separation of the Crude 
Pigment.—The sponge, 5.7 kg. (wett weight), 
was extracted with acetone and petroleum ben- 
zine by the addition of water. After the sapo- 
nification with ethanolic potassium hydroxide, the 
solution was concentrated and the oily residue 
was treated with acetone to remove most of the 
colorless lipids which were less soluble in this 
solvent. The concentrate, 35g., was dissolved in 
60 cc. of petroleum ether, and by the addition of 
50 cc. of ethanol, the crude pigment was precipi- 
tated. The crude pigment, which weighed 
120 mg. after the recrystallization from benzene 
ethanol, was separated by chromatography on 
alumina into six pigments». Sixtyseven mg. of 
renieratene, 29mg. of the pigment of m. p. 199°, 
4mg. of renierapurpurin, 1mg. of the pigment 
of m. p. 205°, and small quantities of the pigment 
of m. p. 194° and &-carotene were thus obtained. 

Anal. (Renieratene), Found: C, 90.98, 90.62; 
H, 9.22, 9.34%. Molecular weight (cyclopentade- 
canone), 510, 579, 530. 

Anal. (The pigment of m. p. 199°), Found: C, 
90.91: H, 9.38%. 

Anal. (Renierapurpurin), Found: C, 
H, 9.36. 

Calcd. for CyoHys: C, 90.85; H, 9.15. Caled. 
for CyHso: C, 90.51; H, 9.49%; molecular weight, 


i) 


90.12; 


Separati+ a of Pigments of the Mother Liquor. 

The mother liquor of the crude pigment and 
the filtrate of recrystallization were combined 
together, washed alcohol-free with water, dried 
with anhydrous sodium sulfate, and concentrated. 
The residue was treated with acetone and the 
colorless lipids were removed repeatedly as com- 
pletely as possible. The concentrate was finally 
dissolved in petroleum ether and chromatographed 
on alumina (Merck, standardized according to 
Brockmann) (6*20cm.). Petroleum benzine- 
benzene mixture with increasing percentage of 
the latter (finally 50% benzene) was employed 
for the developer. All zones observed are listed 
in Table II, the lower six of these, from 9 to 
14, being separated by means of liquid chromato- 
graphy. 

Zone 1.—No crystalline pigment was obtained. 
It seems to be decomposition product. 

Zone 2.—The pigment was only incompletely 
eluted. The eluted fraction contained a large 
quantity of colorless lipid which melted at 113° 
after recrystallization from methanol. Rechro- 
matography on calcium carbonate gave seven 
red zones, but none of these zones afforded any 
crystallized pigment. The concentrates of the 
eluates showed blue colorations with conc. sul- 
furic acid or with antimony trichloride. 

Zone 3.—This consisted of several zones, which 
were eluted together. The concentrate of the 
eluate was dissolved in hot ethanol. On cooling, 


8) Operations were carried out in the way described in 
the previous paper’. 
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TABLE II 
No. of bsg: aad Color of 
the Zones (ia mm.) the Zones 
] 5 Dark brown 
2 10 Deep red 
15 Colorless 
3 12 Brown (heterogeneous) 
9 Colorless 
1 3 Purplish brown 
> Colorless 
5 3 Reddish brown 
+] Colorless 
6 30 Purple 
7 26 Faint purple 
14 Colorless 
8 18 Pale yellow 
9 Pale pink 
10 Pale red 
11 Liquid Orange red 
12 chromatography Yellowish orange 
13 Yellow 
14 Bright yellow 


colorless lipids crystallized out, which were re- 
moved by filtration. The concentrate was dis- 
solved in a small quantity of petroleum ether 
and left to stand in an ice chamber. The red 
brown precipitates were redissolved in a small 
quantity of benzene, diluted with petroleum 
benzine and adsorbed on calcium carbonate 
(3x20cm.). Petroleum benzine containing 10% 
of benzene was employed as the developer. The 
chromatogram observed is given in Table III in 
the sequence of decreasing adsorbability. 


TABLE III 
Width of Geter of 
_ a the Zones 
a 2 Purplish red 
6 Colorless 
5 Pale yellow 
c 18 Orange 
d 20 Yellow 
7 Colorless 
e 12 Yellow 
f 15 Pale yellow 


Zone a.—On recrystallizing the residue of the 
eluate from benzene-methanol, a minute quantity 
of purplish glistening fine needles was obtained. 
Absorption maxima, in carbon disulfide, 558, 517 
485 mp. In the partition test, the pigment colored 
both the layers. 

Zone c.—Recrystallization from benzene-me- 
thanol gave purplish brown plates, m. p. 173-4°, 
lmg., absorption maxima; in carbon disulfide, 
530, 493, 461 my; in hexane, 493, 462 my. In the 
partition test, the pigment colored both the 
layers. 
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Zone d.—Recrystallization from petroleum ben- 
zine-methanol gave fine long orange needles, 
m.p. 153-4°, 0.4mg., absorption maxima; in 
carbon disulfide, 518, 483, 452 my; in hexane, 482, 
454 my. In the partition test both the layers 
also become colored. The solubility of the pig- 
ment was larger than that of the pigment of 
the zone c. 

Zone e.—A minute quantity of brown plates 
of absorption maxima, 507, 475, 445 my in carbon 
disulfide was obtained. 

Zone 4.—No crystalline pigment was obtained. 
The carbon disulfide solution gave a single 
maximum at 480 mz. 

Zone 5.—A minute quantity of almost black 
needles with a single maximum at 495 my in 
carbon disulfide was obtained. 

Zones 6 and 7.—They were eluted together 
and the reddish black residue of the eluate was re- 
ecrystallized with a little petroleum benzine con- 
taining ethanol, and then with benzene-methanol. 
The crystals obtained were again adsorbed on 
alumina (2x20cm.) from a petroleum benzine- 
benzene solution. The upper narrow purple zone 
afforded a minute quantity of red needles with 
absorption maxima 548, 512, (471) my in carbon 
disulfide. Partition test, almost epiphasic. The 
lower purple zone contained renieraxanthin. 
The residue of the eluate was recrystallized 
twice from a small quantity of benzene by the 
addition of methanol, the crystals being washed 
with a little cold petroleum ether and then with 
boiling methanol after each’ crystallization. 
Renieraxanthin, 2.6mg., m.p. 161°, had a glis- 
tening purplish brown appearance and under 
microscope the crystals showed purplish red 
hexagonal plates. Absorption maxima; in carbon 
disulfide, 558, 521. (492) mp; in hexane, 521, 487, 
456 mz; in benzene, 536, 511 my; in ethanol, a 
broad band with a single maximum at 500 mz. 
The absorption curves in hexane and in ethanol 
are given in Fig. 1. In the partition test using 
95% methanol, the pigment was almost epiphasic, 





300 400 500 600 


Wavelength, in mp 


Fig. 1. Absorption spectra of renieraxanthin. 
—— in hexane solution 
--- in ethanol solution 


e' is given by e'=2.3/cdxlog (1h/I) 
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but the methanol phase also somewhat colored. 
The pigment was very easily soluble in chloro- 
form, easily soluble in benzene, considerably less 
soluble in petroleum ether, and very slightly 
soluble in ethanol and in methanol. In the 
color tests, conc. sulfuric acid gave a deep blue 
coloration and antimony trichloride a purple 
coloration which gradually changed into blue. 

On treating an ethereal solution with conc. 
hydrochloric acid no blue color was observed. 

Anal. Found: C, 84.64; H, 10.08. Caled. for 
CyoH;6O2: C, 84.45; H, 9.92%. 

Zone 8.—Rechromatography on alumina and 
recrystallization from benzene-methanol gave a 
minute quantity of fine glistening copper red 
needles which sintered at 123°, changed simul- 
taneously somewhat pale in color but did not 
melt even above 200°. This sample did not seem 
to be in an entirely pure state. Absorption 
maxima: in carbon disulfide, 531, 494, 463 my; in 
hexane, 494, 463, (435) mp. Partition test, entirely 
epiphasic. 

Zones 9, 10, 11 and 12.—Each fraction obtained 
by liquid chromatography was repeatedly chro- 
matographed on alumina when necessary. Re- 
crystallization from benzen-ethanol or from 
chloroform-methanol gave the following pig- 
ments; 0.4mg. of renierapurpurin, a minute 
quantity of the pigment of m.p. 205°, 26mg. of 
renierstene and a small quantity of the pigment 
of m. p. 194°, and 16mg. of the pigment of m. p. 
199°, corresponding to the fractions 9, 10, 11 and 
12, respectively. These pigments were exactly 
identical with those obtained by the chromato- 
graphy of the crude pigment already described. 

Zones 13 and 14.—Both solutions were operated 
together. Recrystallization from benzene-metha 
nol gave carotene mixture, m.p. 170°, 29mg. 
Chromatography on calcium hydroxide (4 30cm 
2 columns) gave e-carotene, m.p. 185°, 2mg, 
absorption maxima, in carbon disulfide, 507, 478, 
1447 mp; and f-carotene, m.p. 183°, 20mg, ab- 
sorption maxima in carbon disulfide, 520, 485, 
152 my. The colorimetric determination” showed 
that the ratio of a-carotene to f-carotene was 
14 : 86. 

Anal. a-Carotene, Found: C, 89.53; H, 10.52. 
8-Carotene, Found: C, 89.35; H, 10.65. Caled. for 
CyoHse: C, 89.49; H, 10.51%. 


The author wishes to thank Prof. 
Tokuichi Tsumaki for his exceeding kind 
directions throughout this work. The 
author is also indebted to Mr. Michio 
Shido!” for microanalysis. 
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9) R. Kuhn und H. Brockmann, Z. Physiol. Chem 
206,41 (1932). 

10) Research member of The Service Centre of the 
Elementary Analysis of Organic Compounds, Faculty of 
Science, Kyushu Univ. 
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Note on the Donnan Membrane Equilibrium in Polymer Salt 
Solutions.with Extraneous Salts 


By Hiroshi INAGAKI 


(Received August 14, 1956) 


Introduction 


It has been reported that the osmotic 
behavior of polymer salts in aqueous salt 
solutions is in qualitative agreement with 
that predicted from the theory of the 
Donnan equilibrium, which is expressed 
by the following equation’»”?, 


a/C_=RT{1/M+[B8+(7°/4X)]C,}, (1) 


where z is the osmotic pressure, C, is the 
polymer concentration, R and T are, 
respectively, the gas constant and the 
absolute temperature, M is the molecular 
weight of the polymer salt, 8 is the interac- 
tion parameter between the polymeric ions, 
X is the salt content, and 7 is the number 
of equivalents per gram of the polymer 
salt. 

It was found, however, that the calcula- 
tion in terms of Equation (1) gives too 
great a value for the second virial coeffi- 
cient in comparison with observed data. 
This difference has been interpreted in 
several ways’. In the membrane equili- 
brium, if a certain fraction of the added 
simple ions is bound or fixed in or on the 
molecular domain of the polymeric ion, 
the number of the permeant (free) ions, 
which coexist with the polymeric ions, 
will decrease in comparison with a case 
where the association does not occur. This, 
in turn, results in a decrease in the osmotic 
pressure contributed by the permeant ions. 

The present work deals theoretically 
with the osmotic equilibrium on the basis 
of the Donnan method, by taking formally 
the simple ion association into account. 
It is shown that the expression for the 
osmotic pressure is identical in form with 
Equation (1) derived by previous investi- 
gators’ for the electrolyte-ideal solution, 


1) D. T. F. Pals and J. J. Hermans, Rec. trav. chim., 
Bay-Bas, 71, 458 (1952). 

2) H. Inagaki and T. Oda, ‘‘ Makromolekulare Che- 
mie’”*, 21, 1 (1956). 

3) H. J. L. Trap and J. J. Hermans, J. Phys. Chem., 
58, 757 (1954). 

4) N.S. Schneider and P. Doty. ibid., 58, 762 (1954). 

5) H. R. Kruyt, “Colloid Science”, Vol. I, Elsevier 
Publ. Co., Amsterdam (1952), p. 188. 


provided that the value of 7 is replaced 
by a parametric factor 7*, which is smaller 
than 7. The ratio 7*/7, which is evaluated 
from the observed data, is discussed in 
terms of the Oosawa-Imai-Kagawa theory 
for the simple ion association”. 


THEORETICAL 
Derivation of the Osmotic 
Pressure Equation 


On one side (phase I) of a semipermeant 
membrane we have an aqueous solution 
of a uni-univalent electrolyte, the concen- 
tration of which is C,) (molecules/cc.). On 
the other side (phase II) of the membrane, 
impermeant anionic polymeric ions are 
present together with the electrolyte. 

The concentrations of the electrolyte 
in phase II may be written in the form: 


C,.=J,/(V—Nv) and 
C_.=J.(V—Nb), (2) 


where J. and J_ are, respectively, the 
numbers of free positive and negative ions, 
V is the total volume of phase II, and N 
and v are, respectively, the total number 
and the molecular volume of the polymeric 
ion. C, and C_ may be regarded as the 
actural concentrations of simple ions which 
may contribute to the osmotic pressure of 
the solution. 

The requirement for the Donnan equili- 
brium can thus be given by 


C,C_=C,’, (3) 
subject to the condition for neutrality 
C,=C_+N2Z*/V', (4) 


where V'’=V—M. 

Here Z* is the effective charge of the 

polymeric ion and given by the equation: 
Z*=Z2—n,+n-, (5) 

where Z is the stoichiometric valence of 


the polymeric ion, and m. and m_ are, 
respectively, the numbers of positive and 


6) F. Oosawa, N. Imai and I. Kagawa, J. Polymer 
Sci., 13, 93 (1954). 
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negative ions bound in the molecular 
domain of the polymeric ion. It follows 
that the total concentrations of positive 
and negative ions present in phase II are 
given, respectively, by (J,+Nn.)/V and 
(J_+Nn_)/V. It should be noticed that 
activity coefficient is formally introduced 
in Equation (3) for the interaction between 
the polymeric ions and the simple ions 
but not for those between simple ions 
themselves. 
Substituting Fquation 
Equation (3), we obtain, 


(4) for C, in 


See roe 1 
C_=—> (Z2*N/V')+>V (Z*N/V')?+ 4Cy. 
(6) 
If the term Z*N/V' is small compared with 
Co, expansion of Equation (6) yields 


! 
C_=——(Z*N/V')+Cy 


+ (1/8) (2*?/8C,) (M/V')? +--+ . @& 
so that concentration C, can be written 


1 
C,=5(Z*N/V')+C 


+ (1/8) (2*?/8C,) (N/V')? +--+ - (8) 


We shall now assume that the observed 
osmotic pressure z is formally the sum of 
pressures, 7: and 7, which are, respec- 
tively, the contributions from the permeant 
ions and from the polymeric ions. Thus 
the osmotic pressure 7; is given approxi- 
mately by 


m,=kT(C,+C_-—2C,), (9) 


which may be put with the aid of Equa- 
tions (7) and (8) in the form: 


2 Ze N 
m=kT oo (>)- (10) 
The term (Z**/4C,) in Equation (10) is the 
Donnan term. 

If the osmotic pressure z»2 is assumed to 
be identical with the osmotic pressure in 
dilute solutions of neutral polymers and 
if the unit of concentration in Equation 
(10) is converted into the usual one, we 
have 


al[C,=RT{1/M+[e+r*/4X)]C>}, (11) 


where 7* is the parametric factor related 
with the Z*-value, and the other notations 
are the same as those used in Equation 
(1). Equation (11) becomes identical with 
Equation (1) derived for the electrolyte- 
ideal solution’, if 7* is replaced by 7. 
Thus the ratio 7*/7, which is equated to 
Z*/Z, may be considered to be the degree 
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of electrolytic dissociation of the polymer 
salt, and will now be interpreted in terms 
of the theory developed by Oosawa, Imai 
and Kagawa”. 


Short Summary of the Oosawa- 
Imai-Kagawa Theory 


As for the association of simple ions 
with a polymeric ion, we may refer to the 
theoretical work made by Oosawa, Imai 
and Kagawa”. They solved the Poisson- 
Boltzmann equation for the coiled poly- 
meric ion in salt solutions without intro- 
ducing the Debye-Hiickel approximation. 
In so doing, they assumed that the fixed 
electric charges on the polymeric chain 
are continuously distributed in a volume 
v occupied by the polymeric ion (v= (4/3) x 
wa’, where ais the apparent radius of the 
polymeric ion) and that the dissociation 
of the polymeric ion is sufficiently sup- 
pressed by the simple ion association that 
<rA><1, where <A> is the degree of dissocia- 
tion averaged over the volume v. 

In accordance with the theory, the 
theoretical value of Z* is given by an 
equation of the form: 


— DkTa Z V 1+Y1 *) 
hiatal In ZN 
(12) 
where 
oo « J EN+f or 
ra) =7V_ V ‘ (72’) 


and D is the dielectric constant in the 
volume v, @& is the unit charge, J is the 
total number of molecules of added salt 
and the other notations are the same as 
those used in the foregoing section. Fur- 
ther notations V. and V_ are the normali- 
zation factors of the Boltzmann relation for 
the distribution of charges. 


Experimental Results and Discussion 


The experimental details of osmometry 
and viscometry for the present data have 
been described in a previous paper”; only 
the results, which are necessary for the 
present discussion, are shown below. The 
molecular weight of sodium carboxymethyl 
cellulose used as the sample was osmo- 
metrically found to be 8.310‘. The slopes 
of the osmotic pressure plot for the system 
sodium carboxymethyl cellulose and sodium 
chloride are collected in Table I, wherein 
those calculated in accordance with Equa- 
tion (1) are also recorded. The fourth 
column in the table gives the ratio of the 
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observed slope against the theoretical one, 
S./S:; the square root of this ratio is 
equal to 7*/r if B is neglected (see Equa- 
tions (1) and (11)), and will be discussed 
in terms of the degree of dissociation. 


TABLE I 
SLOPES OF OSMOTIC PRESSURE PLOT. 


ided Sz DT 
Pee cits Observed 10°*RT > 
eRe gt Slope (72/4X) So/S; = r*/r* 
X(mole/cc.) S,x 10-7 S 

x 108 0x (St) 
0.1 i eg 44 0.3 0.5 
0.05 25 88 0.28 0.5 
0.03 12 146 0.29 0.2 
0.02 60 220 0.27 0. 
0.01 120 440 0.27 0.51 


me WwW bo Ol 


1og) 


The r-value for the sample polymer salt 
is 2.1 X 10". 


TABLE II 


INTRINSIC VISCOSITIES AS A FUNCTION 
OF ADDED NaCl CONTENTS 
Added Salt 


Concentration [7] 
(mole/1.) 
0.004 11.29 
0.010 9.20 
0.020 7.48 
).040 6.40 
0.100 5.41 
»0O [7]o=4.69 
Table II gives the intrinsic viscosity 


obtained for the same system as a function 
of the salt content. The value of intrinsic 
viscosity is plotted against x~'/* (x is the 
salt content) according to Pals and 
Hermans’ treatment”, and the extrapola- 
tion of the plot to x» enables us to 
evaluate the intrinsic viscosity [#]~ for 
the polymer salt discharged completely. 

To compare experimental data with the 
theory, we shall first estimate the apparent 
radius of the polymeric ion, @, which 
appears in Equation (12). As was suggested 
by Fujita et al. and by Inagaki et al.”, 
an approximate dimension of the polymeric 
ion may be estimated from the value of 
[n]- with the aid of the Flory-Fox visco- 
sity equation'”: 


7) D. T. F. Pals and J. J. Hermans, Rec. trav. chim. 
Pay-Bas, 71, 433 (1952). 

8) H. Fujita. K. Mitsuhashi and T. Homma, J. Colloid 
Sci., 9, 466 (1954). 

9) H. Inagaki, H. Sakurai and T. Oda, Bull. Inst. 
Chem. Res., Kyoto Univ., 33, 257 (1955). 

10) P. J. Flory and T. G. Fox, J. Polymer Sci., 5, 
745 (1950). 


V <h®?>=([y]M/®)'®, (13) 
where <h’> is the mean square end-to-end 
distance of the polymer, M is the molecular 
weight and @ is the Flory universal con- 
stant of the order of 2.1x107*'. Putting 
[7] =4.7, ®=2.1x10~' and M=8.3 x10‘ into 
Equation (13), we have 1200 A for //<ch?. 
Conversion of this into the mean square 
distance from the center of gravity <s*> in 
the terms of the following equation'”: 


a=V<s>=V ¢h?>/6 (14) 
gives 500 A. 

Now we shall assume V =V_=V in 
Equation (12). Let us take C =2g./l., Z= 
230 and X=0.1 mole/1l. as a typical example. 
We then obtain 


ZN/V=3x10'* molecules/cm’*, 
and 
J/V=6x 10" molecules/cm‘*. 


Putting the values obtained above into 
Equation (12), the <A>-value is found to 
be 0.006 for the condition assumed here. 

It is seen from Table I that, although 
the <A>-value changes with the polymer- 
and salt-concentrations in accordance with 
Equation (12), the observed ratios 7*/r are 
practically independent of these factors 
and are much higher than the <Xd>-value. 
This discrepancy between experimental and 
theoretical values may be due to the fact 
that the Oosawa-Imai-Kagawa theory is 
only applicable to solutions of high dilution: 
In the solutions studied in the present work, 
the free volume of the polymeric ion is so 
small that the effect of neighbouring poly- 
meric ions can not be neglected on the dis- 
tribution of the permeant ions. In order to 
obtain agreement between experiment and 
theory, one should extended the theory to 
solutions of higher concentrations of 
polymer. 
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11) See for example, P. J. Flory, ‘Principles of 
Polymer Chemistry ”’, Chap. X. Ib. cornell Univ. Press 
(1955). 
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Relationships between the Photolysis and Crystallinity of Zinc Sulfide 
Phosphors 


Ey Shigeo SH1onoyaA and Koh WaTANABE* 
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Introduction 


Zinc sulfide phosphors are known to be 
photodecomposed and blackened under the 
irradiation of strong ultraviolet rays, a 
phenomenon usually called ‘‘ blackening ’’. 
The blackness is attributed to the metallic 
zinc formed as a result of the photolysis 
and deposited in the colloidal form. Pre- 
viously one of the present authors, Shio- 
noya”’, studied this phenomenon, extensi- 
vely and discussed conclusively the 
mechanism of the process by which the 
blackening is caused. Here it was investi- 
gated how the blackening characteristics 
are influenced by the variation of the cry- 
stallinity, i.e. the degree of crystal growth, 
of zinc sulfide. 

The results of Shionoya’s previous work 
are briefly summarized here. (1) The 
spectral region efficient for causing the 
blackening coincides with the fundamental 
absorption region of zinc sulfide. (2) The 
adsorbed water is necessary for the occur- 
rence of the blackening, the amount of 
which is less than the order of 0.0 x wt.%. 
(3) Under a constant humidity and tempe- 
rature the blackening proceeds according 
to the following equation after the lapse 
of the induction period of several or several 
ten minutes, 


D*=kt-+l, (1) 


where D is the blackening density, k the 
rate constant, f the time, and / a constant. 
The reciprocal of the induction period 
is proportional to the humidity. (4) Itis 
suggested that the mechanism of the 
blackening is as follows. The adsorbed 
water reacts photochemically on the crystal 
surface and the nucleus of zinc is formed. 
This nucleus trapps the electron in the 
conduction band, attracts the interstitial 
zinc ion from within the host crystal, and 


* Present address: Nisshin Ind. Co., Ltd. Adachi-ku, 
Tokyo. 

1) S. Shionoya, J. Chem. Soc. Japan (Ind. Chem. 
Sect.), 52, 79 (1949) ; 53. 55 (1950). 
J. Chem. Soc. Japan (Pure Chem. Sect.), 71, 461, 584 
(1950). Bull. Fac. Eng., Yokohama Natl. Univ., 5, 129 
(1956). 


grows to the colloidal zinc. Eq. (1) 
corresponds to this stage of the blackening 
reaction, and is explained by an assump- 
tion that the migration of the interstitial 
zinc ion is the rate-determining step for 
this stage. 


Experimental 


Sample.—Copper-activated zine sulfide phos- 
phors having different crystallinities, i.e. degrees 
of crystal growth, were prepared by changing 
the time of the firing. They were fired with 
the flux of 4wt.% NaCl at 1100°C for 5-90 min. 
Copper content was 0.003 wt.%. 

The crystallinity seems to be indicated by 
the particle size. By means of Blaine’s air 
permeability method® the specific surface area 
of these samples was measured, and the mean 
volume surface diameter, d,;, was calculated by 
the following equation, assuming that all the 
particles are spheres, 

dys = nid] onjd;? =6/pSy, (2) 
: t 
where » is the density of the particle and Sy» 
the specific surface area per unit mass. The 
values of the time of the firing and d,,;’s are 
given in Table I. 


TABLE I 
THE TIME OF THE FIRING AND THE MEAN 
VOLUME SURFACE DIAMETER, d,;, OF THE 


SAMPLES 
No. 1 2 3 4 
Time of the > 20 30 90 
firing (min.) 
dys (4) 3.0 4.4 6.3 8.2 


Measurement of the Blackening.—(1) Method. 
—A high pressure mercury discharge lamp made 
of quartz and having the capacity of 650W. was 
used to blacken the phosphors. The blackening 
density, D, was measured by means of Yamabe’s 
type photographic densitometer using the diffuse 
reflected light. The dencity, D, is defined by 

D -logiolo/ J, (3) 
where J) and J are the light intensities thrown 
on and reflected back from the sample, respec- 
tively. 

The rate of the blackening was measured 
under several humidities and at 20°C in the 
way similar to that mentioned in the previous 


2) R. L. Blaine, A. S. T. M. Bull., No. 123, 5 (1948). 
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paper». The samples were washed thoroughly 
by distilled water so as to remove completely the 
chlorides of sodium and zinc contained in them. 
Zinc chloride formed by the reaction of flux on 
zine sulfide influences the blackening charac- 
teristics because of its strong tendency to absorb 
water, so that the removal of this is needed 
previous to the measurement of the blackening. 
Then the samples were packed in small containers 
after being dried by heating, and placed in closed 
quartz tubes in which the humidity was kept 
constant by means of sulfuric acid of the ap- 
propriate concentration. These tubes were 
sunk into the circulating water to keep the 
temperature in them constant, and ultraviolet 
light from the mercury lamp set above the 
water surface was thrown onto the samples 
through the water. Thus the curves of the 
blackening density vs. the time of irradiation 
were measured under the pressure of water 
vapor of 6.2-13.2 mmHg. 

(2) Results.—Results under 7.2 and 6.2 mmHg 
are shown in Fig. 1 and 2 as examples. Under 
6.7-13.2 mmHg all the samples were remarkably 
blackened, whereas under 6.2 mmHg the samples, 
except in the case of No. 2, could hardly be 
blackened at all. 
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Fig. 1. Blackening curves under the pres- 
sure of water vapor of 7.2mmHg for 
four samples cited in Table I. 
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Fig. 2. Blackening curves under the pres- 
sure of water vapor of 6.2mmHg for 
four samples cited in Table I. Sample 
No. 4 was not blackened. 
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The build-up parts of the blackening curves 
satisfy Eq. (1) and then the rate constants are 
calculable. After the long irradiation the blacken- 
ing curves became rather flat. This effect is 
attributed to the simultaneous occurrence of 
the bleaching of blackened samples. The bleach- 
ing takes place even when the blackening is 
proceeding, and its rate increases with the 
increase of blackening density as mentioned in 
the previous papers». Therefore, after the long 
irradiation, the rates of the blackening and bleach- 
ing become equal to each other, and a state 
of equilibrium state is reached. In Fig. 3 the 
rate constants for the blackening under several 
humidities are plotted against the particle sizes. 
The rate constant decreases with the growth of 
the particle size. 
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Fig. 3. Rate constants for the blackening 
against the particle sizes, the mean 
volume surface diameters, for four 
samples cited in Table I. The pres- 
sures of water vapor are (1) 6.7, (2) 
7.2 (3) 8.1, (4) 10.0 and (5) 13.2 mmHg. 
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Fig. 4. Induction periods under the 
pressure of water vapor of 6.2 mmHg 
the against particle sizes, the mean 
volume surface diameters, for four 
samples cited in Table I. 
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Under low humidities long induction periods 
are observed in the beginning of the blackening 
reaction. In Fig. 4 the induction periods under 
6.2 mmHg are plotted against the particle sizes. 
The induction period shows a minimum value 
at sample No. 2 with the diameter of 4.4 n. 

Luminescence and Blackening.—These sam- 
ples emit a yellow green luminescence due to 
the copper activator. The relative brightness of 
the copper luminescence under the excitation by 
a high pressure mercury discharge lamp is plott- 
ed against the particle size in Fig. 5. Sample 
No. 2 which shows the minimum induction period 
has the maximum brightness. 
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Fig. 5. Relative brightnesses of lumines- 
cence against the particle sizes, the 
mean volume surface diameters, for 
four samples cited in Table I. 


Discussion 


Zinc sulfide is made luminescent by the 
firing, during which the particle size of 
crystal grows owing to the sintering of 
small particles, and the activating impurity 
is incorporated by the diffusion. The re- 
sult, namely, that the luminescent bright- 
ness of sample No. 1 with the smallest 
diameter is lower than that of sample 
No. 2 may be attributed to the incomplete- 
ness not only of the activator incorpora- 
tion but of the crystal growth. The lower- 
ing of the brightness in the samples with 
larger diameters seems to be predominantly 
due to the oxidation of the samples caused 
by the over-firing. 

Comparing Fig. 4 with Fig. 5, it is seen 
that the sample with the minimum induc- 
tion period shows the maximum lumines- 
cent brightness. Since earlier days it has 
been known that zinc sulfide phosphors 
with bright luminescences are apt to be 
blackened. Recently Gobrecht and Kunz” 


3) H. Gobrecht and W. Kunz, Z. Phys. 
(1953). 
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studied the relationship between the lumi- 
nescent brightness and blackening, and 
found that the blackening is nearly pro- 
portional to the brightness. However, this 
is not exactly true according to the present 
results. As seen from Figs. 3, 4 and 5, 
the reciprocal of the induction period, 
i.e. the reaction rate during the induc- 
tion period, is nearly proportional to the 
brightness, but the rate constant for the 
blackening is not. Therefore, as seen by 
comparing Fig. 1 with Fig. 5 the blacken- 
ing density is not always proportional to 
the luminescent brightness after long ir- 
radiation. The relationship between the 
luminescence and blackening should be 
discussed using the induction period. 

This relationship is explained as follows, 
based on the mechanism of the blackening 
presented in the previous papers’. It was 
found that the reciprocal of the induc- 
tion period is propotional to the amount 
of adsorbed water. From this result it 
was suggested that the adsorbed water 
reacts on the sulfur atom formed momen- 
tarily as a result of the photoabsorption 
and consequently it disappears from the 
crystal. This is the starting reaction of 
blackening and determines the reaction 
rate during the induction period. There- 
fore, it is said that the rate of this surface 
photochemical reaction is proportional to 
the luminescent brightness. This photo- 
chemical reaction would be accelerated by 
the condition that the conduction electron 
produced by the photoabsorption can move 
freely over the wide range through the 
whole crystal. As understood from the 
fact previously found that the blacken- 
ing occurs in the spectral region of the 
fundamental absorption of zinc sulfide, 
but does not in the region of the absorp- 
tion of activating impurities, such as cop- 
per, the existence of activating impurities 
which form the luminescent center does 
not contribute essentially to the occurrence 
of the blackening. In other words, the 
blackening and luminescence do not essen- 
tially correlate to each other. However, 
the condition of free moving of the photo- 
electron would also intensify the lumines- 
cence, especially in the case of the excita- 
tion by host crystal absorption. Then this 
condition would be necessary for both the 
luminescence and blackening, and this fact 
seems to be the reason for the fact that 
phosphors with bright luminescences are 
apt to be blackened. 

The result that sample No. 1 has a long 
induction period is attributed to the in- 
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sufficiency of the above condition. In this 
sample, a photoelectron will not be able 
to move through the whole crystal as freely 
as in the other samples because of the 
incompleteness of the crystal growth. 
Sample No. 3 and 4 have long induction 
periods, although it appears that they have 
more complete lattices than sample No. 2. 
Then the circumstances would be different 
in these samples. Surface oxidation caused 
by the over-firing would prevent the oc- 
currence of the surface photochemical reac- 
tion, so shat this would explain the reason 
for the long induction periods of these 
samples. 

Furthermore, the variation of the water- 
adsorbing power with the particle size 
would also have influence on the induction 
period. It appears reasonable that the 
water-adsorbing power decreases with the 
growth of the particle size, because the 
crystal surface becomes flat and perfect 
as the crystal grows larger. Then the 
induction period would become longer 
with the growth of the particle size. 
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This suggestion may be responsible for 
the results shown in the light half part 
of Fig. 4. 

The decrease of the rate constant for 
the blackening with the growth of the 
particle size is also explained. It was 
inferred that the migration of the intersti- 
tial zinc ion determines this reaction rate, 
and further that the migration occurs, 
not through the perfect lattice, but along 
the internal imperfections in the crystal, 
such as internal surface, grain boundaries 
and dislocations. As the particle size 
grows larger the phosphor crystal would 
approach the perfect one, and the number 
of the internal imperfections would be 
decreased. This would make it difficult 
for the migration of the zinc ion to occur, 
and thus would cause the decrease of the 
rate constant. 


Department of Electrochemistry 
Faculty of Engineering 
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Adsorption of Hydrogen on Copper-Magnesia Catalysts 


By Toyosaburo TAKEUCHI and Masakazu SAKAGUCHI 


(Received August 27, 1956) 


Most researches on copper-magnesia 
catalysts which have appeared so far in 
the literature are concerned with reaction 
kinetics”, and little is known about the 
physical properties of the catalysts. In the 
present paper are reported the adsorption 
characteristics of hydrogen on the copper 
catalyst containing 1% magnesia. The 
catalyst is treated at various stages of 
thermal sintering. The effect of sinter- 
ing upon adsorption heat is primarily in- 
vestigated and a tentative suggestion is 
made concerning the nature of the copper- 
magnesia catalyst. 


Experimental 


The copper-magnesia catalyst was prepared 
by dissolving copper oxide and magnesia in a 
molar ratio of 99 to 1 in extra-pure nitric 
acid. The mixture was dried gently ona water 


1) R. Wynkoop and R. H. Wilhelm, Chem. Eng. 
Progress, 46, 300 (1950) ; M. V. Sussman, Ind. Eng. 
Chem., 4G, 457 (1954). M. Erlenbach and A. Sieglitz, C. 
A., 48, 2756e (1954). 


bath, and then ignited at 500°C in an electric 
furnace. The copper oxide was prepared from 
metallic copper supplied by Ishizu Chemical Co., 
in a manner as reported previously. Traces 
of Mg, Fe, Si, Mn and Pb were found in this 
oxide sample by a spectroscopic analysis. 

The catalyst was reduced in an atmosphere 
of hydrogen for three weeks at 200°C, until no 
more decrease in hydrogen pressure was percep- 
tible. Before adsorption measurement, the 
catalyst was evacuated at the reduction tempera- 
ture (or sintering temperature) for six hours 
under 10-5'mmHg. Adsorption measurements 
were made at 100° and 160°C on this reduced 
catalyst as well as on those sintered at 400° and 
500°C in an atmosphere of hydrogen. Much care 
was taken in attaining adsorption equilibrium, 
as has been done previously*. 

The magnesia was supplied by Kanto Chemical 
Co. The sample was treated in hydrogen at 
200° and 500°C for a week before adsorption 


2) T. Takeuchi and M. Sakaguchi, This Bulletin., 
To be published shortly. 

* See Ref. 2) and also T. Kwan, ‘“ Advances in Cata- 
lysis”?, 6, Academic Press, New York (1954), p. 67. 
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measurement. During this treatment, neither 
the adsorption nor any kind of consumption of 
hydrogen was measurable to any extent. 


Results 


Surface areas determined by the B.E. T. 
method, using ethylene at —183°C for the freshly 
reduced copper-magnesia catalyst and the sintered 
one as well are given in Table I, in which those 
for pure copper, copper containing 1% nickel (cop- 
per-nickel) and magnesia powder are also listed 
for comparison. The Table shows that the sur- 
face area of the copper catalyst increases by six 
times with the addition of magnesia, far more 
so than with the addition of nickel. Raising the 
sintering temperature decreases the surface area 
of the catalyst, this effect being pronounced on 
the unpromoted copper catalyst, less pronounced 
on the copper-nickel and least on the copper- 
magnesia catalyst. On the contrary, the surface 
area of the magnesia powder increases about 
twice as much when the sintering temperature 
is increased from 200° to 500°C. 


log P mmHg 





ee eS 
0 10 20 30 40 50 60 


minute 


Fig. 1. Rates of adsorption of hydrogen 
at 160°C on Cu-MgO, Cu and Cu-Ni 
catalysts (5.0g). 

—-O—— Cu-MgO reduced at 200 
(initial pressure; 1.83 


«10-2 mmHg). 
——Q@-—— Cu-MgO sintered at 400 
(2.01 x 10-1 mmHg). 
——@—— Cu-MgO sintered at 500° 
(1.21 x 10-! mmHg). 
O- - Cus reduced at 200° 
(2.50 x 10-2 mmHg). 
@--- Cu sintered at 400 


(1.87 x 10-1 mmHg). 

)-°- Cu-Ni reduced at 200° 
(2.66 x 10-2 mmHg). 

--Q@--— Cu-Ni sintered at 400° 
(1.40 x 10-! mmHg). 
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TABLE I 
SURFACE AREA OF COPPER CATALYSTS (M2?/g.) 


Cu  Cu-Ni Cu-MgO MgO 


Reduced at 200 0.69 0.80 3.90 13.8 
Sintered at 400° 0.25 0.34 2.70 
Sintered at 500 0.20 — 1.50 27.0 


Fig. 1 shows the rate of the adsorption of 
hydrogen at 160°C on copper-magnesia, pure 
copper, and copper-nickel. As shown in the 
figure, the rate of adsorption on _  copper- 
magnesia reduced at 200°C is markedly greater 
than that on the others; more than ten times 
as great as that on pure copper, and three times 
that on copper-nickel. Of particular interest 
is the fact that the increase in the rate of adsop- 
tion by the addition of magnesia well exceeds 
the corresponding increase of the surface area. 
Raising the temperature of heat treatment con- 
siderably decreases the rate of adsorption, but 
it is less effective compared with that of pure 
copper and copper-nickel catalysts. Thus, it 
becomes apparent that the promoting action of 
magnesia involves something more than maintaing 
the surface area. 

Fig. 2 shows the adsorption isotherms per unit 
area of the catalyst**. It is found that the 
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Fig. 2. Adsorption isotherms of Cu-MgO, 
Cu, and Cu-Ni catalysts. 
——O—— Cu-MgO reduced at 200 
—@Q—— Cu-MgO sintered at 400 
——@——_ Cu-MgO sintered at 500 
-O-- Cu reduced at 200 


a—— Cu-Ni reduced at 200 


** The saturation value, as derived from the Langmuir 
plot or dissociative type, is 2.07x10-5cc. N. T. P. per 
sq cm. on pure copper while 1.44«10-8cc. N. T. P. on 
copper-magnesia. This indicates that the abundance of 
active site on the latter catalyst is only 7% of that on 
copper alone. 
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addition of magnesia decreases the amount of 
hydrogen adsorbed, while, on the contrary, the 
addition of nickel increases it. The heat treat- 
ment of copper-magnesia decreases the amount 
of hydrogen adsorbed. 


Q kcal/mol 








Vy.1.p, x 10° cc /cem? 
Heats of adsorption of hydrogen 
on Cu-MgO and Cu catalysts. 


Fig. 3. 


—O—— Cu-Mg6O sintered at 200 

——Q@—— Cu-MgO sintered at 400° 

——@—— _ Cu-MgO sintered at 500° 
--O--- Cu reduced at 200 


Fig. 3 shows the relationship between the heat 
of adsorption and the amount adsorbed on the 
copper-magnesia catalyst. The broken line re- 
presents the heat of adsorption on pure copper. 
The heat of adsorption g was calculated by using 
Clapayron-Clausius’ equation 

(A1n P/€@T),=q/RT? 
where P is the equilibrium pressure and V is the 
amount adsorbed. 

The heat decreases gradually as the tempera- 
ture of heat treatment increases, as frequently 
happens on most reduced catalysts. A notable 
thing is that the decline of the heat curve is 
very steep on magnesia added to copper. 

Adsorption measurement was carried out on a 
magnesia powder at 100° and 160°C, but the ad- 
sorption was too small to detect. 


Discussion 


On the basis of the fact that the amount 
of hydrogen adsorbed per unit area of the 
copper-magnesia catalyst is less than that 
on unpromoted copper and that hydrogen 
is scarcely adsorbed on the magnesia pow- 
der, it is suggested that the magnesia oc- 
cupies a considerable portion of the surface. 
This is amplified by the study of electron 
diffraction as shown in Fig. 4; that is, 
diffraction pattern due to magnesia can 
be found together with that of copper, 
and no compound formation appears be- 
tween magnesia and copper. The pattern 
also indicates that the magnesia exists in 
microcrystal particles on the _ surface. 
This was confirmed by Yamaguchi”, who 


3) S. Yamaguchi, Z. Physik. Chem., 7, 115 (1956). 
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studied this sample by changing the 
accelerating potential of electron. 





Fig. 4. Electron diffraction photograph 
of Cu-MgO catalyst: Wave length of 
electrons; 0.0306A, Camera length; 
495 mm. 


It is expected that copper in the catalyst 
may sinter upon heating and decrease its 
surface area, while magnesia, with a very 
high melting point, may not. Thus, the 
ratio of the surface area of the copper 
particles to those of the magnesia in the 
catalyst would decrease with increasing the 
reduction temperature of the catalyst. The 
B.E.T. surface area as given in Table I 


. most probably includes the ‘‘ dead area”’ 


which is inert toward hydrogen adsorption. 

If the dead area is excluded for the ad- 
sorption of hydrogen, each of the three 
heat curves would shift parallel to the, 
horizontal axis toward the right respec- 
tively according to the temperature of heat 
treatment. Thus the heat of adsorption 
of hydrogen on copper-magnesia catalyst 
well exceeds that on pure copper catalyst 
at a low coverage. 

The greater heat value and the greater 
adsorption rate on the copper-magnesia 
catalyst would suggest that the physical 
property of copper in this mixed catalyst 
differs from that of pure copper. 

How should the difference in the physi- 
cal property of copper be explained? It 
has been proved by Willstatter’? that the 
catalytic hydrogenation of phthalic anhy- 
dride and benzene over platinium or palla- 
dium is promoted by the presence of traces 
of oxygen, while it is often suppressed if 
the metallic catalyst is scrupulously freed 
from oxygen. Exhaustively reduced copper 
at 400°C, according to Kwan”, shows an 
activation energy as high as 20kcal. for 


4) R. Willstatter and D. Jacquet. Ber., 51, 767(1918); 
R. Willstatter and E. Waldschmidt-Leitz, ibid., 54, 113 
(1921). 

5) T. Kwan, J. Res. Inst. Catalysis, 2, 95 (1949). 
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the chemisorption of hydrogen. The 
chemisorption rate is measurable only 
above 300°C. In view of these observations, 
it is impossible that the copper in the 
present catalyst is entirely freed from 
oxygen contamination. This must be a 
kind of contamination that would result in 
an increase in adsorption heat, and pro- 
bably a decrease in activation heat for the 
adsorption. 

According to Gwathmey®, the small 
amounts of a metal or a metallic oxide 
added to a copper single crystal modifies 
the rearrangement of the surface either 
by controlling the development of certain 
facets, or by promoting the formation of 
copper powder at different rates on the 
different faces. Surface irregularities 
caused by the presence of magnesia might 
promote to an extent the adsorption of 
hydrogen on ‘he copper-magnesia catalyst. 
It is hoped, however, that the effect of 
oxygen can be explained on the electronic 
basis. Possibly the copper in the copper- 
magnesia would lose electrons from its 
filled 3d shell by the interaction with the 
oxygen of magnesia, and Cu”* may act 
as an active site for the adsorption of hy- 
drogen. 


Summary 


(1) The adsorption of hydrogen on a 


6) R. E. Cunningham and A. T. Gwathmey, J. Am. 
Chem. Soc., 76, 391 (1954). 





[Vol. 30, No. 2 


copper catalyst containing 1% magnesia 
sintered at various temperatures has 
been investigated at 100° and 160°C, and 
compared with that on copper alone. 
The addition of magnesia increases mark- 
edly both the surface area and the rate 
of adsorption. The latter increase, how- 
ever, is far beyond the increase in sur- 
face area. 

(2) The hydrogen adsorption per unit 
area of the copper magnesia catalyst is 
less than that on pure copper, and decreases 
with increasing heat treatment. The ad- 
sorption of hydrogen on magnesia powder 
is immeasurably small. The heat curves 
on differently heated catalysts do not agree 
with each other, but approximately do so 
if the effective area for hydrogen adsorp- 
tion is taken into consideration. The ad- 
sorption heat for a low coverage is certain- 
ly greater on the magnesia added copper 
than on copper alone. 

(3) By aid of the electron diffraction 
study, it is concluded that the magnesia 
in the catalysts exists on the surface and 
forms microcrystal particles. Presumably, 
copper in the magnesia added catalyst 
is modified by the oxygen of the magnesia 
and irregular defects are formed on the 
surface in the presence of magnesia. 
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The Adsorption of Non-polar Gases on Alkali Halide Crystals. 
I. The Low-temperature Adsorption of Non-polar 
Gases on Cubic Sodium Chloride* 


By Teruo HAYAKAWA 


(Received August 24, 1956) 


Introduction 


The quantitative measurements of the 
low-temperature adsorption of non-polar 
gases (argon, oxygen, and nitrogen) on 
cubic potassium chloride and cesium iodide 


* Part of this paper was read before the 8th Annual 
Meeting of the Chemical Society of Japan held in Tokyo, 
April, 1955. Other part of this papar was also read befo- 
re the symposium on the surface heterogeneity of catalysis 
held in Kyoto, March, 1956. 


(rhombic dodecahedron) were reported by 
Orr”? and Tompkins and Young” respecti- 
vely. The adsorption of argon on two 
samples of octahedral potassium chloride 
(lead- and dye-modified) has recently been 
measured by Young”, 

Though the adsorption equilibrium is 


1) W. J. C. Orr, Proc. Roy, Soc., A173, 349 (1939). 

2) F. C. Tompkins and D. M. Young, Trans. Farad. 
Soc., 47, 77 (1951). 

3) D. M. Young, ibid., 48, 548 (1952). 
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influenced both by the heats and the 
entropies of adsorption, the variation in 
the isosteric heats of adsorption with the 
surface coverage was discussed only in 
the investigations mentioned above. The 
variation in the entropies of argon with 
the coverage on cubic potassium chloride 
was given by Kemball® only from Orr’s 
results». Moreover, no reasonable explana- 
tion was given for the differences in the 
values of the initial heat of adsorption 
(the values extrapolated to zero coverage) 
with molecular species of adsorbates. 

The present experiments were under- 
taken as a part of the systematic investi- 
gations to obtain the precise information 
on the following properties of the low- 
temperature adsorption. 

(1) The surface heterogeneity of alkali 
halide crystals. 

(2) The differences in the values of the 
initial heat of adsorption with molecular 
species of non-polar adsorbates. 

(3) The characteristic behavior of each 
non-polar molecule on alkali halide cry- 
stals. 

(4) The differences in these adsorptive 
properties with lattice parameters and 
crystal planes. 

The cheice of argon, oxygen, nitrogen 
and carbon dioxide as nonpolar adsorbates 
mainly depended on avoiding the compli- 
cations which the presence of permanent 
dipoles would introduce and on the inten- 
tion of examining the influence of perma- 
nent quadrupoles of these molecules. 


Experimental 


Materials.—Sodium Chloride was recrystal- 
lized by cooling rapidly an aqueous solution of 
sodium chloride (extra pure grade) saturated at 
100°C. The crystals were collected on a sintered 
glass filter funnel, washed with successive por- 
tions of 70% ethyl alcohol, absolute alcohol, and 
dry ether, and stored in a vacuum dessicator 
over phosphorous anhydride during about two 
weeks. Microscopic examination of this sample 
of sodium chloride revealed a large number of 
small cubes plus a few cubes in which the defects 
in the corners or edges were somewhat percepti- 
ble. The examination of this sample by an 
electron diffraction apparatus also revealed the 
regular pattern of (100) faces. 

Helium was supplied by Teikoku Oxygen Co. 
as spectroscopically pure and was not further 
purified. Argon was also supplied by the Tei- 
koku Oxygen Co. (purity was about 99.9%); this 
sample was purified by passing over phosphorous 
anhydride and then by farctionation. Oxygen 


4) C. Kemball, ‘“ Advances in Catalysis” Vol. II, 
Acedemic Press Inc., New York (1950), p. 233. 
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was prepared by the thermal decomposition of 
silver oxide at 250°C, and was purified by passing 
over phosphorous anhydride and then passing 
through traps cooled in liquid oxygen, and finally 
by fractionation. Nitrogen was prepared by 
heating pure sodium azide, outgassed at 150°C 
for five hours, to 270°C and was purified by passing 
over phosphorous anhydride and then passing 
through traps cooled in liquid nitrogen. Carbon 
dioxide was prepared by heating magnesium 
carbonate (analytically pure), outgassed at 450 
°C for three hours, to 650°C and was purified 
by passing over phosphorous anhydride, passing 
through traps cooled in solid carbon dioxide, and 
finally by several fractionations. Each sample 
gas was analysed using a Hitachi-RMC mass 
spectrometer (single focusing, 90° sector type of 
magnetic field, 135-mm. radius of curvature of 
ion path), and no impurity was detected except- 
ing few small background peaks. 
Apparatus.— The principal diagrams of the 
apparatus are shown in Figs. 1 and 2. The 
diagram of the adsorption apparatus is shown in 
Fig. 1. This consisted of a doser, whose volume 


to high vacuum 








adsorbate 
oe 


——— 





Fig. 1. Diagram of the adsorption apparatus. 


was accurately determined with mercury, (18.06 
cc. at 20°C), connected to an adsorption bulb R 
containing 32.3g. of cubic sodium chloride 
crystals (passed through a 45-mesh sieve) and a 
manometer M2 containing the oil (Apiezon B). 
M; shows a mercury manometer (inner diameter 
was about 12mm.) by means of which the equili- 
brium pressure could be accurately determined 
to 0.05mm. with a cathetometer. The lower 
equilibrium pressure could be accurately deter- 
mined by an oil (Apiezon B) manometer Mg, to 
0.05mm. (i. e., 0.004mmHg) with a catheto- 
meter. T, and Te: indicate traps cooled in liquid 
refrigerant, and the liquid level of each Dewar 
vessel attached to T, and Tz, was maintained 
constant throughout the measurement. In order 
to minimize the dead space, the adsorption 
system (excepting the bulb R and the doser) and 
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manometer M2 were of small bore tubing (3mm.). 

The diagram of the low-temperature’thermostat 
regulator (similar to that used by Orr) is shown 
in Fig. 2. A closed Dewar vessel was filled with 


filter pump 
Bec 


Ne or O2 
—_— = 


e — 


refrigerant 








Fig. 2. Diagram of the low temperature 
thermostat regulator. 


liquid refrigerant enclosing the small bulb (A) 
of a vapour pressure thermometer (M3) contain- 
ing oxygen or nitrogen, depending on the tem- 
perature to be measured. The vapour pressure 
thermometer acted both as a temperature resister 
and as a manostatic device. In one limb two Pt 
contacts were sealed at C, and at any desired 
pressure, depending on the temperature required, 
a relay circuit operated a filter pump througha 
fine capillaries (D) for controlling the rate of 
evacuation. Because of the low thermal con- 
ductivity of the liquid refrigerants, vigorous 
stirring was essential and attained by a regulated 
stream of oxygen or nitrogen. The position of 
the liquid level in the closed Dewar vessel was 
indicated by a float and maintained constant 
(2mm.) throughout the measurements. The 
temperature variation recorded by the vapour 
pressure thermometer was never greater than 
0.02°C. The vapour pressure data of Cath» for 
oxygen and of Giauque and Clayton” for nitrogen 
were used. 

For the adsorption measurements of carbon 
dioxide, the enclosed Dewar vessel (c. f. Fig. 2) 
was filled with a mixture of each organic solvent 
(purified methanol, absolute alcohol, or dry 
ether) and solid carbon dioxide, depending on 
the temperature to be measured. In this case, the 
temperature was measured by a Copper-Constan- 
tan thermocouple inserted into the Dewar vessel. 

Procedure.— After outgassing at 280~300°C for 
six hours before commencing each experiment 
and cooling the adsorbent to the desired tem- 
perature of adsorption, gas was admitted to the 
doser and the pressure at constant volume was 
measured by means of a mercury manometer 
(M, in Fig. 1). Then the gas was completely 
transferred to the adsorption system by admitting 
mercury into the doser. The adsorption was 


5) A. Cath, Comm. Phys. Lab. Univ. Leiden, No. 152d 
(1918). 

6) W. F. Giauque and J. O. Clayton, J. Am. Chem. 
Soc., 55, 4875 (1933). 


practically instantaneous and the equilibrium 


pressure at constant volume was measured. 
The amount of gas adsorbed is given by 


(SPp)Vo P 


RTr 7 Rr! 


Fs . -o 
Tr T, 7c’ 


where >}Pp is the sum of the successive doser 
pressures in atm., Vp the volume of the doser 
in litres, P the equilibrium pressure in atm., V 
the volume in litres of the adsorption system 
exposed at room temperature, V the volume in 
litres of the adsorption bulb (excluding the 
adsorbent) and the connecting tube up to the 
level of liquid refrigerant, V' the volume in litres 
of traps (T; and Tz) up to the level of liquid 
refrigerant, C the volume contraction in litres 
of the adsorbent and bulb on cooling, C’' the 
volume contraction in litres of traps (T, and T:) 
on cooling, R the gas constant in l-atm./degree- 
mol., v the amount of gas adsorbed in moles, 7x 
room temperature in °K, 7, the adsorption tem- 
perature in °K, and 7,’ the temperature of traps 
(T, and Te) im °K. 

The value of the factor f for each successive 
measurement was determined by carrying out a 
blank run with helium, using Eq. (1) and 
assuming v to be zero. The experimental error 
in v mainly comes from the measurement of the 
equilibrium pressure, but the low equilibrium 
pressure was accurate to 0.004 mmHg as men- 
tioned above and the consequent error in v was 
about +1%. The value of f was different for 
two series of measurements. 


(1) 
f 


Results 


The isotherms obtained for the four 
gases on cubic sodium chloride crystals 
are summarized in Figs. 3, 4,5 and 6. The 
adsorption was found to be reversible in 
this temperature range. The _ isosteric 
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Fig. 3. Adsorption isotherms of argon on 
cubic sodium chloride. 
1---73.69°K, 2---75.40°K, 3---77,32°K, 
—O-—O-— adsorption, —@—@— desorption. 
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Fig. 4. Adsorption isotherms of oxygen on 
cubic sodium chloride. 
1---75.40°K, 2---77.32°K, 3---83.08°K, 
- adsorption, —@-@— desorption. 
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Fig. 5. Adsorption isotherms of nitrogen on 
cubic sodium chloride. 
1---73.75°K, 2-+-75.41°K, 3:---77.32°K, 
sae, adsorption, —@ @~ desorption. 
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Fig. 6. Adsorption isotherms of carbon 


dioxide on cubic sodium chloride. 
1---187.6°K, 2---194.6°K, 
- - adsorption, —@—@— desorption. 


heats of adsorption as a function of v 
were calculated from these isotherms 
using the Clausius-Clapeyron equation in 
the form 


the gas constant (1.987 cal./degree-mol.). 
The isosteric heats of adsorption for 
argon, oxygen and nitrogen showed no 
definite trend with temperature within 
the experimental error. 

The entropy decrease due to the adsorp- 
tion as a function of v was then calculated 
from the following equation 


4.576 T log(P/760),=JH-—T-AS ) 
—4S=(S,—S,) j 


where 7 is the temperature of each iso- 
therm in °K, P the equilibrium pressure 
in mmHg, —4S the entropy of adsorption 
in e.u./mol., S, the entropy of the gas 
phase under the standard state in e.u./ 
mol., S; the entropy of the adsorbed phase 
in e.u./mol. The choice of the standard 
states of the gas was such that the pres- 
sure is 760 mmHg (independent of tem- 
perature) and the temperature coincides 
with that of each isotherm. Fig. 7, 8, 9 
and 10 show the isosteric heats of adsorp- 
tion averaged over the whole temperature 
range and the entropy of adsorption. The 
measurements were not extended to the 
high adsorption region for carbon dioxide, 
because the amount adsorbed was con- 
siderably small in this temperature range. 


(3) 
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Fig. 7. Isosteric heats and entropies of 
adsorption for argon on cubic sodium 
chloride. 

—O-—O-— isosteric heats of adsorption (— 4H), 

@-—-@~— entropies of adsorption (— 4S), 

----- latent heat of sublimation. 
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Fig. 8. Isosteric heats and entropies of 
adsorption for oxygen on cubic sodium 
chloride. 

isosteric heats of adsorption (— 4H), 

@~ @— entropies of adsorption (— 4S), 

latent heat of evaporation. 
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Fig. 9. Isosteric heats and entropies of 
adsorption for nitrogen on cubic sodium 
chloride. 

isosteric heats of adsorption (— 4H), 
@—@~— entropies of adsorption (— 4S). 


Discussion 


Isosteric Heats of Adsorption. — The 
isosteric heats of adsorption thus obtain- 
ed for the three gases (argon, oxygen 
and nitrogen) fall initially, rise to a 
maximum, and then fall steadily to the 
value of latent heat of vaporization or 
sublimation with increasing amount of 
adsorption. These results of the present 
experiments for cubic sodium chloride are 
similar to the results obtained by Orr for 
cubic potassium chloride. The _ initial 
decrease in the heat of adsorption of these 
four non-polar gases is attributed to the 
non-uniformity of the surface. Since 


v (micromoles) 
Fig. 10. Isosteric heats of adsorption 
for carbon dioxide on cubic sodium 
chloride. 


mutual interaction forces of adsorbed 
molecules are attractive, the isosteric heats 
on the uniform surface in this low coverage 
region must be slightly increased with the 
increase of the amount adsorbed. The 
non-uniformity of alkali halide surface in 
the low coverage region was attributed by 
Tompkins and Young” to the defects in 
the corners and edges of the crystals. As 
it was generally observed, the crystal 
defects in the present sample were clearly 
visible under the microscope. 

Though it seems reasonable to consider 
that the crystal defects or the lattice 
imperfections have some influence over the 
non-uniformity of alkali halide crystals, 
the magnitude of these influences in the 
present systems seems rather small com- 
pared with the present results. (The 
detailed discussion will be given in the 
succeeding paper.) The values of the 
initial heat of adsorption obtained for the 
four non-polar gases are summarized in 
Table I, together with the calculated 
values which will be given in the succeed- 
ing paper. 


TABLE I 


INITIAL HEAT OF ADSORPTION, — JH», ON 
CUBIC (100) SODIUM CHLORIDE 


(— 4Hpo)expt. (— 4H) calc. 


Adsorbate (cal./mol.) (cal./mol.) 
Argon 2190 1980 
Oxygen 2240 — 
Nitrogen 2670 2400 
Carbon Dioxide 6070 5420 


As seen in Table I, the experimental 
value of the initial heat of adsorption for 
argon comes closely near to that for 
oxygen. This is in good agreement with 
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the fact that there is a very close simil- 
arity between the potential energy curves 
for two argon atoms and two oxygen 
molecules”. On the other hand, the 
initial heat of adsorption for nitrogen is 
about 450cal./mol. greater than those of 
argon and oxygen. This result is, however, 
not peculiar to the present experiment 
but has been similarly Observed by Orr” 
with adsorption on cubic potassium chlo- 
ride. In the case of nitrogen it would be 
expected from the lower heat of evapora- 
tion of the liquid compared with argon or 
oxygen and also from the similarity of 
the intermolecular potential energy bet- 
ween nitrogen and argon, that the adsorp- 
tion heat of nitrogen would be somewhat 
smaller than that of argon or oxygen. 
Though the intermolecular potential 
energy curve for carbon dioxide is con- 
siderably different from that of argon or 
oxygen, the present differences in the 
initial heat of adsorption for these gases 
are considerably greater than the results 
anticipated from the differences in their 
intermolecular potential energy curves”. 

Recently, Smith and Howard" and Hill 
and Smith'» have been able to measure 
the permanent quadrupole moments from 
line broaening of microwave spectra. 
Their results show that nitrogen and 
carbon dioxide (especially carbon dioxide) 
have considerably larger permanent qua- 
drupole moments compared with argon 
and oxygen. Although, in general, perma- 
nent electric dipoles and quadrupoles are 
of minor importance in intermolecular 
potentials between gas molecules’, the 
Situation seems quite different when con- 
sidering the adsorption potential of a 
molecule in the large electric field near 
the surface of an ionic crystal. The 
theoretical treatment of the adsorption 
potential between a nitrogen or a carbon 
dioxide molecule and the lattice ions of 
cubic (100) sodium chloride has been car- 
ried out by the present author. Though 
the details of this theoretical treatment 
will be reported in the succeeding paper, 
it is pointed out that the order of magni- 
tude of the experimentally obtained initial 
heat of adsorption for argon, nitrogen and 
carbon dioxide is in considerably good 

a J. E. Lennard-Jones, Proc. Phys. Soc., 43, 461 
(1931). 

8) R. H. Fowler, Physica, 5, 44 (1938). 

9) J. O. Hirschfelder, R. B. Bird and E. D. Spoz, 
J. Chem. Phys., 16, 963 (1948). 


10) W. V Smith and R. Howard, Phys. Rev., 79, 132 
41950). 


11) R. M. Hill and W. V. Smith, ibid, 82, 451 (1951). 
12) H. Margenau, Rev. Mod. Phys., 11, 1 (1939). 
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agreement with the results of these theo- 
retical calculations (see Table I). 

Entropies of Adsorption.—As indicated 
in Figs. 7, 8 and 9, the variation of the 
entropies of adsorption with the amount 
adsorbed in the comparatively high cover- 
age region is in the similar tendency 
with the variation of the isosteric heats of 
adsorption. 

The present results on the entropy of 
adsorption for three non-polar gases are 
listed in Table II. For the reasons dis- 
cussed below, the amount adsorbed cor- 
responding to the maximum value of the 
heats or the entropies of adsorption was 
preferred as the monolayer capacity. 


TABLE II 
ENTROPIES OF ADSORPTION, 4S, ON CUBIC 
SODIUM CHLORIDE AT 76.3°K 


4S (e. u./mol.) 


Adsorbate iecuaaiin. 
0—0.5 o=1.0 
Argon [5.2 22.8 
Oxygen 16.4 yo ae 
Nitrogen 18.0 28.7 


oan 
ro) 


As seen in Table II, Figs. 7, 8 and 9, the 
magnitudes of the entropies of adsorption 
and the variation of these with coverage 


‘ for argon and oxygen resemble each other, 


while nitrogen shows considerably different 
features from those in the region of @= 
0.5~1. In order to obtain more informa- 
tion about the freedom of the adsorbed 
molecules, the entropy curves obtained in 
the present experiments were compared 
with the calculated values for these three 
gases. The entropy (the practical entropy) 
of each gas under the standard state (760 
mmHg) was statistically calculated in the 
following manner. 

The translational entropy of a perfect 
three-dimensional gas was calculated from 
the Sackur-Tetrode equation. No correc- 
tion depending on deviation from ideal 
behavior was made, because each correc- 
tion calculated from the Berthelot equation 
resulted in a small value and, furthermore, 
no correction of the same kind was made 
for the translational entropy (two-dimen- 
sional) of each adsorbed molecule. 

The rotational entropy was calculated 
from an expression given by Halford’, 
and the vibrational entropy was calculated 
from the usual statistical expression given 
below, which was shown to be nearly zero. 
Further, oxygen has an electronic entropy 
amounting to 2.17 e.u./mole., while the 


13) J. O. Halford, J. Chem. Phys., 2, 694 (1934). 
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nuclear spin contribution of nitrogen was 
omitted in the present calculations accord- 
ing to the common practice. 

The statistical calculation of the entropy 
of the adsorbed material was as follows. 

For non-localized adsorption the trans- 
lational entropy of a perfect two-dimen- 
sional gas was calculated according to the 
equation derived by Kemball'” 


1l- 
S'r(e. u./mol.) -4.576 log MTa( 5) 


(4) 


where M is the molecular weight and a 
the cross-sectional area of the adsorbed 
molecule. 

The entropy associated with the vibra- 
tion normal to the surface, replacing the 
translational motion, was calculated from 
an expression 


n{ hy ne oe 
S, Ce. u./meol.) —1.967* —-—_(e"/*? —]) 
(KT 
) 
2.303 log (1--e7*"'*7) | (5) 


where » is the frequency of the vibration 
normal to the surface*, hk the Planck’s 
constant and A the Boltzmann’s constant. 
Since the surfce essentially introduces 
a high potential barrier restricting the 
turning over of the molecule, the two 
rotational degrees of freedom of oxygen 
or nitrogen will become effectively one 
degree of freedom of planar rotation in 
the plane parallel to the surface and one 
degree of freedom of rocking vibration as 
discussed by Hill! In the present cal- 
culations the entropy associated with this 
rocking vibration was assumed to be 
negligible and the entropy associated with 
one degree of planar rotation was cal- 
culated from the above-mentioned expres- 
sion given by Halford. The entropy as- 
sociated with the intramolecular vibration 
of the adsorbed molecule was also cal- 
culated from Eq. (5), but these calculations 
resulted in the values of nearly zero. 
For the localized adsorption there will 
be a configurational term associated with 
the number of ways of distributing the 
molecules over.the surface. The configura- 
tional entropy on the Langmuir model, 
where the surface heterogeneity and the 
mutual engeaegrann between the adsorbed 
molecules are both ignored, is given by 


14) C. Kemball, Proc. Roy. Soec., A 190, 117 (1947) 
* Since each adsorption site gives a slightly different 
value, as will be shown in the succeeding paper, the 


average value was used for the present calculations. 
15) T. L. Hill, J. Chem. Phys., 16, 181 (1948). 


S’.(e. u./mol.) 
1 (1-0 1—8 \) 
4.576) 4 log 5—( * ) tos ( 7 ); 
(6) 


This equation (6) could not be used for 
the present calculations, because the heat 
curves indicate that the non-uniformity 
of the surface and the mutual interaction 
between the adsorbed molecules are both 
predominant. 

Drain and Morrison’ have _ recently 
experimentally determined the configura- 
tional entropy for the system in which 
the non-uniformity of the surface was 
aken into consideration and the mutual 
interaction between the adsorbed molecules 
was ignored. From this, we obtain ap- 
proximately for the present systems 


~ em ‘ 
> 1.987 x 3 “dinP (7) 
where v is the amount adsorbed and P 
the equilibrium pressure. 

The entropy curves determined from 
the present experimental results and the 
entropy curves calculated from the above- 
mentioned methods are summarized in 
Figs. 11, 12 and 13. The experimentally 
determined values in these figures are the 
partial molar total entropies and hence 
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Fig. 11. Entropies of argon adsorbed on 
cubic sodium chloride at 76.4°K. 


Ss--experimental values, S7---calculated 
values (two-dimensional gas), Curve I--- 
(Scrystal+S,.) Curve II---(Scrystal+S,). 
(The entropy of the solid was calculated 
from the heat of sublimation and the 
value of the saturation pressure at 76.4 
K.) 


16) J. M. Drain and J. O. Moirison, Trans. Farad 
Soc., 48, 316 (1952). 
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Fig. 12. Entropies of oxygen adsorbed on 
cubic sodium chloride at 76.4°K. 


Ss--experimental values, Sr---calculated 
values (two-dimension gas). Curve I-:-- 
(Ssolid+S-), Curve II--- (Ssolid+S;). 

(The entropies of solid and liquid oxygen 
were calculated from the data obtained 
by Giauque and Johnston!”.) 
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Fig. 13. Entropies of nitrogen adsorbed 
on cubic sodium chloride at 76.4°K. 
Ss---experimental values, Sr---calculated 

values (two-dimensional gas). 

(The entropy of solid nitrogen at 76.4°K 
was calculated from the data obtained by 
Giauque and Clayton”.) 


contain the entropy changes of the adsor- 
bent caused by the adsorption’». On the 
other hand, the calculated values are all 
the integral entropies and are usually 
somewhat greater than the values of the 
partial molar total entropies. Considering 
the problem from this fact, the experi- 
mental entropies (Sx) for adsorbed argon 


17) W. F. Giauque and H. J. Johnston, J. Am. Chem. 
Soc., 51, 2300 (1929). 
18) T. L. Hill, J. Chem. Phys, 17, 520 (1949). 
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and nitrogen are in considerably good 
agreement with the calculated entropies 
of the two-dimensional gas (Sr) in the 
region of 0=0.3~0.9. Since the entropy 
for oxygen associated with the vibrational 
motion normal to the surface was cal- 
culated from assuming that the frequency 
of oxygen is identical with that of argon, 
the calculated entropies of the two-dimen- 
sional gas for oxygen (S,) probably re- 
sulted in smaller values. Therefore, the 
agreement of the experimental curve for 
oxygen in the region of @=0.2~0.9 with 
the calculated curve of the two-dimensional 
gas is rather good. The discrepancy bet- 
ween the experimental and calculated 
values in the low coverage region (@<0.2) 
must be mainly attributed to the entropy 
changes of the adsorbent. 

The suggestion of the phase change of 
argon adsorbed on cubic potassium chloride 
from a gaseous film to a condensed film 
was made by Kemball”. According to this, 
the phase change of argon on cubic potas- 
sium chloride occurred at about #@=0.8, 
because the experimental values shifted 
from the curve of the two-dimensional gas 
to the curve of the localized adsorption 
obtained by adding the configurational 


-entropy (Eq. (6)) to the entropy of the 


solid argon. This explanation involves 
considerable uncertainties, because it 
seems unreasonable to use Eq. (6) for the 
calculations of the configurational entropy 
on the adsorption system in which the non- 
uniformity of the surface and the mutual 
interaction between the adsorbed mole- 
cules are both predominant. 

In the present work, the configurational 
entropy for the localized adsorption was 
calculated from Eq. (7) given by Drain 
and Morrison. From the results shown 
in these figures it will be seen that the 
phase changes of argon and oxygen occur 
at about 6@=0.9. But the mutual interac- 
tion between the adsorbed molecules was 
ignored in Eq. (7); therefore, the present 
results on the phase change of the adsorbed 
molecules from a gaseous film to a con- 
densed film also contain considerable 
uncertainties as those Obtained by Kem- 
ball do. 

Monolayer Capacities. — Since the pre- 
sent results (Figs. 7, 8 and 9) indicate that 
the non-uniformity of the surface consider- 
ably predominate in the low coverage 
region and the mutual interaction (includ- 
ing the mutual interaction caused by the 
induced dipoles) in the succeeding region 
is sharply increased with the increase of 
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the amount adsorbed, it is unreasonable 
to apply the B.E. T. theory to the present 
adsorption systems. In these figures the 
isosteric heats and also the entropies of 
adsorption in the region of the comparati- 
vely high coverage are sharply increased 
and there is a fairly sharp maximum for 
all three gases on cubic sodium chloride. 
Here, the values of the amount adsorbed 
for the maximum heat and entropy change 
of adsorption coincide well with each 
other. 

The gradual decrease in each heat curve 
(and also in each entropy change curve) 
beyond the maximum may be attributed 
to the formation of multilayers. Thus it 
seems reasonable to assign this value 
corresponding to the maximum in the heat 
curve or in the entropy change curve as 
the monolayer capacity as Orr adopted”. 

The present results on the monolayer 
capacities and the surface areas are 
summarized in Table III. Each value of 
the cross-sectional area in Table III was 
determined from the results of the entro- 
pies of the adsorbed molecules. 


TABLE III 


MONOLAYER CAPACITIES (v») AND SURFACE 
AREAS (A), CUBIC SODIUM CHLORIDE (32.3 g.) 











Cross- vm (Micromoles) A(m*) 
Adsor- sectional _-——— : 
bate Area, From (B.E.T.) From (B.E.T.) 
ay)(A*) (— 4H) (— 4H) 
Argon 12.8 22.1 (19.1) 1.70 (1.47) 
Oxygen 12.1 21.9 (20.4) 1.60 (1.49) 
Nitrogen 13.8 19.0 (22.0) 1.58 (1.83) 
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Summary 


The low-temperature adsorption of non- 
polar gases (argon, oxygen, nitrogen and 
carbon dioxide) on cubic sodium chloride 
was investigated. The present results on 
the isosteric heats of adsorption for these 
four gases indicate that the non-uniformity 
of the surface considerably predominate 
in the low coverage region and the mutual 
interaction between the adsorbed mole- 
cules is also distinguished in the region of 
the comparatively high coverage. 

The entropies of the adsorbed materials 
(argon, oxygen and nitrogen) were experi- 
mentally determined and compared with 
the calculated values of the two-dimen- 
sional gas. These results show that the 
adsorbed molecules have the nature of the 
two-dimensional gas at least in the region 
of 0=0.3~0.9. 

The present results indicate that the 
phase change (a gaseous film—»a condensed 
film) of argon or oxygen may occur at 
about @=0.9, but this fact is somewhat 
uncertain. 


The author wishes to express his grate- 
ful thanks to Dr. S. Horiba and Professor 
O. Toyama of Osaka Prefectural Univer- 
sity for their kind encouragement and 
discussions. 
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The Stabilities of Metul Ammine Complexes. I. The Absorption 
Spectra of a Series of Hexammine Ni(II) and Tetrammine 
Pt (II) Complexes 


By Hayami YONEDA 


(Received September 22, 1956) 


Introduction 


The formation constants of numerous 
metal complexes have been determined 
using the now familiar method established 
by J. Bjerrum". From these results it was 
concluded that there existed a pretty good 


1) J. Bjerrum, ‘‘ Metal Ammine Formation in Aqueous 
Solution”, P. Haase and Son, Copenhagen (1941). 


correlation’ between the stability of the 
complex and the proton affinity of the 
ligand. This conclusion means, in case of 
ammine complexes, that the stronger 
basicity an amine has, the more stable 


2) _M. Calvin and Wilson, J. Am. Chem. Soc., 67, 
2003 (1945). 

3) J. Bjerrum, Chem. Revs., 46, 381 (1950). 

4) W.S. Fyfe, J. Chem. Soc., 2018 (1952). 
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Fig. 1. The absorption spectra of hexammine Ni(II) complexes. 


1 ———— Ni(CH;CH;NH;),?* 
5 snes Ni (OHCH,CH:NHz) 2+ 
3 —++—++ Ni(NHs)¢?* 


complex it produces. However, we must 
notice that the determination of the for- 
mation constant can be made only when the 
complex is fairly labile and when it forms 
a reversible equilibrium system with its 
components in a solution. Accordingly, it 
should be carefully reexamined from 
another kind of data, to discover whether 
or not the law which governs the stability 
of the complex of highly covalent character 
coincedes with the above mentioned con- 
clusion. The absorption spectra of com- 
plexes can give such reexamining means. 
The ammine complex of a transition metal 
ion having an unsaturated d-shell shows, 
in general, a definite number of absorption 
bands characteristic of the metal ion con- 
cerned from the near infrared to the near 
ultraviolet regions. For examle, Cu(II) 
complexes have one, Co(III) and Cr/(III) 
complexes have two, and Ni(II) complexes 
have three such absorption bands. Hitherto, 
such absorption bands have been con- 
sidered to be originated from the energy 
transitions between the splitting d-levels 
of the central metal ion**». Accordingly, 
when we can get knowledge about the 
correlation between the field strength set 
up by the ligands and the degree of splitt- 
ing of the d-levels, we can discuss the 
stability of the complex from the absorp- 
tion data. In the present investigation the 
absorption spectra of a series of hexam- 
mine Ni(II) and tetramine Pt(II) complexes 
were measured, and from these results a 
very interesting experimental rule was 


5) R. Tsuchida, This Bulletin, 13, 388 (1938). 
6) M. Linhard and W. Weigel, Z. anorg. u. allem. 
Chem., 264, 321 (1951). 


4 —.—.— Ni(NH,OH)¢?* 
B leccncecceece Ni(NH2CH2CH2NH.2) 3?* 


found between the stability of a complex 
and the basic strength of the coordinating 
amine. 


Experimental 


The measured nickel ammine complexes were 
those of NH2OH, NH;, OHCH2CH2:NH:2, CH3NH2, 
CH;CH2NH2 and NHsCHe-CH2NH»2. As these com- 
plexes are all labile and hydrolyzed partly in a 
solution, the solution used in the measurement 
was prepared as follows: A solution containing 
an amine and its sulphate in the concentrations 
of 6m and 2m respectively was prepared. To 
such a solution, nickel sulphate was dissolved 
to 0.1m. (Under these conditions, all nickel ions 
in a solution may be considered to exist as the 
form of hexammine complex ions.) 

The plato ammine complexes measured were 
those of NH2zOH, NH3;, CH;NH2, CH;CH2NHp, and 
NH:CH2CH2NH:2. These complexes were prepared 
from K,PtCl, and the corresponding amine 
through Magnus’ salt. For the absorption 
measurement, 0.01m solution of the complex was 
used in every case. 

The absorption measurement was carried out 
by means of the Beckman DU spectrophotometer 
using tungsten and hydrogen lamps and lcm. 
quartz cells. 


Results 


The absorption spectra of Ni ammine com- 
plexes are shown in Fig. 1. As the curves of 
both methylamine and ethylamine complexes are 
quite similar to each other, only that of the 
ethylamine complex is shown in the figure. All 
these curves have three absorption bands which 
are called the first, second and third bands from 
the long wavelength. The maximum positions 
of these three absorption bands and the pK* 


7) ‘Inorganic Systheses”, Mc Graw-Hill, New York 
(1949), Vol. II, 250. 
* Negative logarithm of the ionization constant. 








134 Hayami YONEDA 


values of the coordinating amines are tabulated 
in Table I. 


TABLE I 


MAXIMUM POSITIONS OF THE THREE ABSORPTION 
BANDS OF Ni(amine) ¢2* 
(v, 10!3 sec.-!) 


Amine pK Ist Band 2nd Band 3rd Band 
CH;CH2NH2 3.27 29.70 49.2 81.5 
CH,;NH; 3.37 30.0 50.0 81.5 
OHCH,CH2NH2 

undetermined 30.0 50.0 81.5 
NH; 4.75 31.6 SL.7 84.5 
NH-.OH 7.97 32.4 53.6 86.0 
NH.2CH2CH2NH2 5.45* 33.5 55.0 87.0 


From the table it is easily seen that these 
three absorption bands shift to the same direc- 
tion in variation of ligands. At the same time 
it is seen that the maximum position of the 
bands of the complex shifts with the basic 
strength of the coordinating amine. 

The results obtained about Pt(II) ammine 


complexes are shown in Fig. 2. 
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Fig. 2. The absorption spectra of tetrammine 
Pt(II) complexes 


1 ———— Pt(CH;CH,NHz2),?* 

2 nneeeeeeeeee Pt (CH3NHe) 4** 

3 - Pt(NHs3) 4** 

1 ‘——* Pt (NH2,CH2CH2NHz2)>?* 
a - Pt(NH.,OH),4** 


TABLE II 
MAXIMUM POSITIONS OF THE FIRST ABSORPTION 
BAND OF Pt(amine) 4** 
(v, 10'3 sec.~!) 


Amine Ist Band 
CH,CH2NHz 103.4 
CH;NH: 105.0 
NH; 105.0 
NH.CH2CH2NHz 107.0 
NH,OH 110.1 


* As ethylenediamine is a diacidic base and coordina- 
tes to the metal ion as a bidentate ligand, the mean 
value of pk, (4.08) and pk? (6.81) was taken as the pk 
for comparison. This mean pk value can give a rough 
estimation of the relative coordinating ability in the 
monoamine series. 


In this case, the general feature of the absorp- 
tion spectra is considerably complicated. Except 
the one appearing in the long wavelength region, 
the absorption bands in the shorter wavelengths 
have large values of loge, and the discrimination 
from the charge transfer bands is difficult. 
Consequently, only the maximum position of the 
the absorption band in the long wavelength 
region is listed in Table II. 

Here it is also shown that the maximum 
position of the absorption band shifts with the 
basic strength of an amine. 


Discussion 


Before discussing the stability of the 
metal ammine complex from its absorption 
bands, we must consider the general re- 
lationship between the absorption bands 
and the electronic states of the complex 
radical. 

The splitting of d-levels due to the 
influence of various outer fields was first 
evaluated by H. Bethe, and this view was 
further developed by J. H. Van Vleck” 
to the more general theory to account for 
the magnetic properties of crystals. The 
idea of using this crystal field theory on 
the complex radical is due to H. Hartmann 
and F. E. Ilse'’", who applied it to explain 
the absorption spectra of the titanium (III) 
and vanadium(III) complexes. Recently, 
C. J. Ballhausen'” and L. E. Orgel’? ex- 
tended this theory to the spectra of many 
other transition metal complexes. Although 
various mechanisms are able to remove 
the degeneracy of the d-orbitals as there 
are various intermediates between the 
purely ionic and highly covalent bonds, in 
the crystal field theory the splitting of the 
degeneracy of the d-orbitals is regarded 
as the consequence of the electrostatic 
field set up by the ligands. Here the 
covalent character of the bond is expressed 
by the polarization of the ligand. Now 
it is easily understood that the energy 
intervals between the splitting d-levels 
increase with the increase of the electro- 
static field set up by the ligands. As the 
energy transitions between such splitting 
d-levels appear as the characteristic absorp- 
tion bands of the complex, it can be said 
that the stronger the field by the ligands 
is, the more the absorption bands of the 
complex appear in the shorter wavelength. 


8) H. Bethe, Ann. Physik. 5 Folge, 3, 133 (1929). 

9) J. H. Van Vleck, ‘“* The Therory of Electric and 
Magnetic Susceptibilities”, Oxford Press (1932). 

10) H. Hartmann and F. E. Ilse, Z. physik. Chem., 
197, 239 (1951) ; Z. Naturforschg., GA, 751 (1951). 

11) C. J. Ballhausen, Dan. Mat. Fys. Med, 29, 

No.4 (1954) ; ibid., 29, No. 8 (1955). 

12) L. E. Orgel, J. Chem. Phys., 23, 1004 (1955). 
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As indicated by C. J. Ballhausen, the 
polarization of the ligand in case of Ni(II) 
complexes is pretty large and the resulting 
induced dipole moment of the ligand is 
much larger than its permanent dipole 
moment. Accordingly, in the ammine 
complex whose ligand is neutral, it is 
concluded that the amount of polarization 
chiefly determines the field strength. In 
other words, the blue shift of the absorp- 
tion bands of the complex in variation of 
the ligand corresponds to the increase of 
the field strenth set up by the ligand, and 
the increase of the field strength corres- 
ponds to the increase of polarization. 

The present experimental results about 
Ni(II] and Pt(I]) ammine complexes indi- 
cate that the weaker the basic strength 
of an amine is, the more the absorption 
bands of the produced complex appear in 
the shorter wavelength. Therefore, when 
this fact is connected with the above 
mentioned conclusion about the relation- 
ship between the absorption bands and the 
field strength by the ligands, the following 
rule can be drawn: In the complex of a 
transition metal ion with an unsaturated 
d-shell, the weaker the basicity of an amine 
is, the larger its polarization by the metal 
ion is. The increase in the polarization 
indicates the increase in the interaction 
between the ligand and the metal ion, and 
the increase in the interaction can be 
regarded as the increase of the stability of 
the complex. 

Here it should be noticed that this con- 
clusion is quite reverse to that presumed 
by many investigators. After the view 
hitherto believed, the affinity of the amine 
toward the metal ion should be in principle 
parallel with that toward hydrogen ion. 
However, we must point out that the data 
which formed the basis of such a view 
were all those about the ammine complexes 
of pseudo-inert gas type ions, such as 
Ag*, Hg’* etc. As the d-shell of the 
pseudo-inert gas type ion is completely 
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closed, the contribution of the d-electrons 
to the coordination bond may be considered 
to be negligibly small. Therefore, it is 
quite natural that such an ion behaves in 
the same manner with hydrogen ion. 
While, in the complex of transition metal 
ions with an unsaturated d-shell, the con- 
tribution of d-electrons to the coordination 
bond must be taken into account. Con- 
sequently, it is possible that such an ion 
with an unsaturated d-shell shows the 
quite different behaviour from the pseudo- 
inert gas type ion. 


Summary 


The absorption spectra were measured 
about a series of hexammine Ni(II) and 
tetrammine Pt(II) complexes having 
various amines as ligands. These amines 
were hydroxylamine, ammonia, ethanol- 
amine, methylamine, ethylamine and 
ethylenediamine. The results of the 
measurement indicate that the weaker the 
basic strength of an amine is, the more 
the absorption bands of the produced 
complex appear in the shorter wavelength. 
This fact was connected with crystal field 
theory, and the following rule was drawn: 
In the complex of a transition metal ion 


. having an unsaturated d-shell, the weaker 


the basic strength of an amine is, the 
more stable the produced complex is. 


The author wishes to express his heart- 
felt thanks to Professor R. Tsuchida and 
Professor M. Kobayashi of Osaka Univer- 
sity for their kind advice and encourage- 
ment. The author’s appreciation is also 
expessed to Professor O. Nagai of Waka- 
yama Medical College who gave him a 
chance to use the Beckman DU spectro- 
photometer, and to Mr. S. Kida of Waka- 
yama University for his helpful discus- 
sions. 
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Photochemical Reactions between Methylene Blue and Tri-, Di- and 
Monomethylamine. I 


By Hiroshi OpatTa and Masao Koizumi 


(Received September 19, 1956) 


Introduction 


Imamura and Koizumi”, one of the pre- 
sent authors, have found that eosine is 
photobleached in the alcoholic solution in 
vacuo but not in the aqueous solution, while 
in the aerobic condition it bleaches in the 
latter case but notin the former case. The 
bleaching of eosine in these cases is irre- 
versible and the reaction as a whole is 
quite complicated. Now in contrast to 
eosine, it has long been known that 
methylene blue in the evacuated alcoholic 
solution is photobleached and the reaction 
in this case is the formation of a leuco 
dye, which returns to the original dye 
when the solution is exposed to the atmos- 
pheric air. The aqueous solution of me- 
thylene blue is of course stable against 
illumination in vacuo, but a notable fact 
has been found by Weil” that the addition 
of some suitable oxidizable compounds 
causes the photobleaching to take place in 
the evacuated aqueous solution. The aim 
of his work, however, was not to study the 
bleaching reaction but to study the photo- 
sensitized oxidation of various organic 
substances from the biochemical standpoint 
using methylene blue as a sensitizer. He 
therefore measured the rate of oxygen ab- 
sorption when the aqueous solution of 
various organic substances in the presence 
of oxygen and methylene blue’. In the 
case of trimethylamine, he particularly 
analyzed the reaction product and identified 
it to be trimethylamine oxide. Hence he 
considered that the overall reaction in 
this case is 

hy 

MB + TA + 10, —> MB + TAO, 
where TA is trimethylamine. 

The above mentioned experiments of 
Weil seem to have been done merely for 
a supplementary purpose, and no scheme 
for the reaction in vacuo was given. 


1) M. Imamura and M. Koizumi, This Bulletin, 28, 
117 (1955). 

2) L. Weil, Science 107, 426 (1948) ; 
Maher, Arch. Biochem., 29, 241 (1950). 

3) For example. L. Weil, W. G. Gordon and A. R. 
Buchert, Arch. Biochem., 33, 90 (1951). 


L. Weil and J. 


There seems to be no doubt that the 
reaction in vacuo was given. These seems 
to be no doubt that the reaction consists 
of the formation of leuco dye and TAO 
(trimethylamine oxide), since the colora- 
tion is regained when the solution is ex- 
posed to air. But if so, it is very natural 
to suppose that the hydrogen donor in this 
case is water itself and not trimethylamine, 
since it is very difficult to detach the hydro- 
gen atom from the latter compound. Thus 
the bleaching reaction in this case would be 
interpreted as a result of the photochemical 
fission of water molecule. An interesting 
analogue to the first process of photo- 
synthesis by chloroplast as postulated by 
van Niel’? was known. 

The object of the present papers is to 
establish the above scheme definitely and 
to make clear the mechanism of the reac- 
tion. It is to be added here, that a certain 
attempt has been made” recently to explain 
the photobleaching of methylene blue in the 
deoxygenated solution by dint of ethyliene- 
diamine tetraacetic acid, on the postulate 
that the primary process is the photo- 
sensitized decomposition of water, but no 
conclusive evidence has yet been reported. 


Experimental Method 


Materials.— Methylene Blue.—Griibler’s rea 
gent was used without further purification. 
Trimethylamine®).—Trimethylamine hydrochlo- 
ride was prepared by the reaction of paraformal- 
dehyde with ammonium chloride at about 160°C. 
From the reaction mixture, a free base was 
evolved by the neutralization with NaOH and 
was liquified by a condenser, using dry ice asa 
cooling reagent. 
Dimethylamine®.—-Dimethylamine hydrochlo- 
ride was prepared by the reaction of ammonium 
chloride with formaldehyde. The product was 
reocystallized five times from absolute alcohol, 
m.p. 165°C. The Free base was prepared from 
its hydrochloride. The neutralization was done 
by the same method as for trimethylamine. 
Monomethylamine®.—Monomethylamine hydro- 


4) Van Niel, Advances in Enzymology, 1, 263 (1941). 

5) J. R. Merkel and W. J. Nickerson, Biochim. et 
Biophys. Acta, 14, 303 (1954). 

6) ‘Organic. Syntheses” Collect. vol. 1, p. 517, 514. 

7) ‘Beilstein Handbuch” Erst. Erganz. III-IV, p. 320 

8) Organic Syntheses” Collect. vol. 1, p. 340. 
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chloride was prepared from ammonium chloride 
and formaldehyde. The product was recrystal- 
lized from absolute alcohol washed with cold 
chloroform and once more recrystallized from 
butanol, m.p. 224°C. The free base was prepared 
from its hydrochloride in the same way as for 
trimethylamine. 

Trimethylamine Oxide®.—It was prepared from 
trimethylamine and hydrogen peroxide. The 
product was crystallized from alcohol-ether 
and then recrystallized twice from methanol. 
(CH3)3;NO2H.20O, m.p. 96°C. 

Since the solutions of tri-, di-, and monomethyl- 
amine are all autodxidized in the air, it is 
necessary to degass the solutions and maintain 
them in the evacuated ampoules. Caution had 
to be taken to employ the fresh solution in 
each experiment. 

Apparatus and Procedures for Measuring 
the Rate of Photobleaching.—Fig. 1 shows the 
main part of the apparatus. As a light source, 
a tungsten lamp for automobile (6 V, 35 W./35 W.) 
was employed and the range of wave lengths 
was adequately chosen by means of a filter for 
photography, the transmission of which is 
shown in Fig. 2. A drum-shaped reaction cell had 
an inner diameter of 27 mm. and a thickness of 
10mm. The light intensity was measured by Se- 
photocell. 

The aqueous Solutions of methylene blue and 
trimethylamine which were separately degassed 
jn a vacuum system were poured into a reaction 





Fig. 1. The apparatus for measuring the 
photobleaching. 
@ Thermostat 
@) Light source (6 V, 35 W./35 W.) 
8) Condensor lens 
@ Metallic net to adjust the light 


intensity 
6) Filter 
() Shutter 


(ay 


7) Reaction cell 
(8) Se-photocell 


9) Meisenheimer, Ann. 397, 286 (1913) : Dunstan, J. 
Chem. Soc., 75, 1004 (1899). 
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Fig. 2. The transmittance of a filter used. 


cell. The procedure for evacuation is quite 
analogous to that employed by Imamura”. The 
bleaching can be pursued continuously by measur- 
ing the intensity of a purallel beam which has 
passed through the reaction cell. A calibration 
curve between methylene blue concentration and 
photocurrent is shown in Fig. 3. The number 
of photons entering the reaction cell was usually 
ca. 10° when the metallic nets as shields were 
not employed. 


70 
60 
50 
40 
30 
20 


photocurrent pA 


10 


SS a 
0 04 08 12 16 20 24 3.0 40 
Concentration of MB 10-°M 
Fig. 3. Calibration curve for photocurrent. 


Experimental Results 


(A) Preliminary Observations.-(a) The 
Influences of Solvents.—Photobleaching of me- 
thylene blue with trimethylamine was examined 
in various solvents: namely water, ethanol, iso- 
propanol, butanol, acetone, methyl-ethyl ketone, 
acetic acid, and acetic anhydride. The bleaching 
was observed in all solvents except acetic acid and 
acetic anhydride, but its rate depended very much 
upon the kind of solvent. For example, the bleach- 
ing proceeded remarkably faster in butanol than 
in water and ethanol, and in acetone and methyl 
ethyl ketone a considerable dark reaction took 
place. After the photobleaching was complete, 
the solution was kept in dark for a long time, 
but the coloration of the solution was not ob- 
served in all cases. But when the solution was 
exposed to air, the solution regained its original 
color sooner or later. Similar experiments were 
carried out with monomethylamine and dimethy]l- 
amine, and the results were the same at least 
qualitatively. In the aqueous solution the rate 
of photobleaching was the lowest in the case 
of monomethylamine and somewhat slower in 
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dimethylamine. From the above results, it is 
clear that the rate depends very much on sol- 
vents, and this is natural since the solvent mole- 
cule is considered to participate in the reaction. 

(b) The Reaction Products between Methyl- 
ene Blue and Trimethylamine.-—The absorption 
spectrum of photobleached aqueous solution was 
examined by Beckman spectrophotometer and 
found to be the same as that of the aqueous 
solution of leuco dye which was produced by 
the action of sodium hydrosulfite upon the 
original dye (Fig. 4). Hence there is no doubt 
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Fig. 4. Absoption spectra of methylene 
blue and leuco methylene blue. 
full line: methylene blue 
broken line: leuco methylene blue 


that one product of the ‘bleaching reaction is 
leuco methylene blue. Another product is most 
certainly supposed to be trimethylamine oxide. 
To confirm it definitely, one cannot rely upon 
a spectroscopic method, since this compound 
has no absorption through visible to near ultra- 
violet region. Hence, a chemical method was 
employed which is based on the fact that TAO 
effectively separates iodine from potassium iodide 
in the acidic medium; a particular experiment 
was done for such an analytical purpose. A large 
quantity of the evacuated aqueous solution of 
methylene blue and trimethylamine was illuminat- 
ed by the sun light and after the decoloration 
occured almost completely, the solution was 
treated with Japanese acid clay in situ to remove 
the bleached and unbleached dye. The colorless 
filtered solution was concentrated to some extent 
under reduced pressure, and then some quantity 
of dilute acidic solution of KI and a drop of 1% 
starch solution were added. An intense blue 
coloration could be observed at once. The above 
experiment, however, had to be further checked 
by a blank using the aqueous solution of tri- 
methylamine without the addition of dye, since 
there was some doubt that unreacted trimethyl- 
amine would be oxidized by atmospheric oxygen 
during the process of concentrating the solution. 
The blank experiment also showed an _ iodine- 
starch reaction but its extent was much smaller. 

Hence one can safely conclude the formation 
of trimethylamine oxide. Thus the overall reac- 
tion in the aqueous solution has been determined 
as follows: 

MB H,O TA — MBH, TAO 
The formation of leuco dye was also established 
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in the case of ethanol and butanol solution, but 
no further analysis was undertaken in these 
cases. 

(B) Kinetic Investigations.—Since the over- 
all reaction in the aqueous solution has now 
become clear, the authors investigated next some 
general features of the reaction from kinetic 
viewpoints. The concentration of dye cannot be 
changed so much because the change in light 
intensity is sensitive to that of dye concentration 
only in a small range of the latter, as judged 
from the calibration curve in Fig. 3. Almost al] 
the experiments were carried out in the con- 
centration of 2.0x10-5m of methylene blue 
since this concentration is suitable for the in- 
tensity measurement and moreover it is expect- 
ed that the mechanism will be simpler in such 
a low concentration. Below will be summarized 
the chief results obtained by the various ex- 
periments kineticaJly in nature. 

(1) General Features of the Bleaching Curves. 

Fixing the pH of solution at 9.2 by using m/35 
borate buffer, the effect of the trimethylamine 
concentration was investigated at 30°C. The 
results can be summarized as follows. 

(a) At high concentration of trimethylamine 
(about 100 times as that of methylene blue), the 
bleaching curve is quite simple as shown in Fig. 
9, and the bleaching is practically complete 
within about fifty minutes. The reaction can be 
expressed satisfactorily as a simple first order 
one in dye concentration. 


10 


of methylene blue 
(> 5m) 





conc. 


time min. 


Fig. 5. The bleaching curve of methylene 
blue. 
Methylene blue: 2.0x10-5M. 
Temp. 30C, Buffer was not used. 
Trimethylamine: 
0.1 10-2 (full line) 
1.6~10-2m (broken line) 


(b) At low concentration of trimethylamine 
(about several to thirty times as much as that 
of methylene blue) the reaction practically came 
to an end at a certain stage of decoloration, and 
the rate cannot be expressed as a simple first 
order one in dye concentration. The kinetics 
of bleaching must be complicated since plots of 
log(—dc/dt) against logc, c being the dye con- 
centration, gives S-shaped curve. A _ typical 
example is shown in Fig. 5. 

(2) The Existence of a Reverse Reaction.— 
The recovery of color was never observed under 
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the above experimental condition when the photo- 
bleached solution was kept in the dark for a long 
time. Neither could the back reaction be perceiv- 
ed in the partially photobleached solution obtained 
under the experimental condition (b). Thus 
the dark back reaction does not exist at least in 
the above experimental conditions. To determine 
whether a reverse reaction occurs or not in other 
conditions, the following experiments were under- 
taken. By the vacuum distillation, water and 
unreacted trimethylamine were eliminated from 
the photobleached solution and then about the 
same quantity of pure water was added to the 
residue consisting of leuco methylene blue and 
trimethylamine oxide. All these procedures were 
of course done without any contact of air. When 
the obtained solution was kept in the dark fora 
few days, the blue color of methylene blue could 
clearly be observed. The following experiments 
demonstrate more definitely the existence of 
such a back reaction. Adding various quan- 
tities of trimethylamine oxide to the original 
solution, the quantity of photobleaching in vacuo 
was examined. The results are summarized as 
follows. From the bellow table it is clear that 
the addition of a large amount of TAO strongly 
suppresses the bleaching reaction, and the photo- 
bleaching takes place only partially even after 
a long illumination. 

When the partially photobleached solution ob- 
tained in experiment (a) (4) in Table I was kept 
in the dark, the blue color became more dense 


within a few hours. Thus it is clear that when 
a large quantity of TAO exists, the dark back 
reaction can occur and that a certain photo- 
stationary state is realized. 

(8) The Existence of an Intermediate Com- 
plex.—Judging from the type of overall reaction 
it seems natural to suppose that the reaction is 
successive in nature. Moreover, the results in 
(1) suggest the existence of a long lived inter- 
mediate. Hence such a possibility was examined 
spectroscopically. Immediately after the illu- 
mination of the aqueous solution (2.0 10-5mM of 
dye, 6.0x10-4m of TA, pH 9.2) for about two 
minutes, the absorption spectra were carefully 
examined by Beckman spectrophotometer in the 
region from 750 to 1100myz, where methylene 
blue practically has no absorption. Repeated 
examinations showed that there really exist very 
small absorptions near 800 mp, 850 mz and 950 mz 
as shown in Table II. 

The above absorption was recognized even in 
the presence of oxygen. This will be discussed 
in the next paper. 

When kept in the dark, the absorption in ques- 
tion slowly declines. Fig. 6 shows the optical 
density at 950my as a function of time after 
two minutes illumination. That this intermediate 
slowly disappears in the dark was further con- 
firmed by the recognition of a recovery in 665 
my band of methylene blue slowly. The follow- 
ing data give the values of log (J)/J) of the 
solution (methylene blue 2.0x10-5 Mm. trimethyl- 


TABLE I 


THE EFFECT OF THE ADDITION OF TAO 


(a) Methylene Blue Conc. 2.0x10-5M 


M/35 Borate buffer (pH 9.2) was used. 
Ratio of 


Conc. of Conc. of 


Stationary 


TA, M TAO, M TAO/TA conc. of MB, M Note 
(1) 6x 10-4 6x 10-2 100 0.63 10 
(2) 6x 10-4 6x 10-2 100 0.80 x 10 Intensity of light 
was 1/2.5. 
(3) 4x 10-4 4x 10-2 100 0.6 10 
(4) 1x 10-4 810 20 The rate was much 
slower than that 
when no TAO was 
added. 
(b)* Methylene Blue Conc. 2.0x10-5M 
Trimethylamine 1.7x10-3mM 


Conc. of TAO,M 
(1) 2.0 10 
(2) 2.0 10 
(3) 2.0*10-2 
(4) 2.0% 10-1 


* These experiments were rather preliminary 


Ratio of [TAO] to [TA] 
aa Complete 


0 
I 
10 
100 


conditions from those for kinetic purposes. 


Degree of bleaching 


Almost complete 

Slight 

Not practically observed. 
in nature and were done in quite different 


TABLE II 


ABSORPTION BAND OF 


Wave length (my;:) 750 800 
initial 0.020 0.018 
log(Io/I) \ after 2 min. 


0.020 0.020 


illumination 


AN INTERMEDIATE 


850 900 950 1000 1100 


0.017 


0.021 


0.017 0.017 0.017 0.019 


0.017 0.020 0.018 0.019 
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amine 1x10-*m, pH 9.2) at 670 mp, as a function 
of time after two minutes illumination. 


log (Iy/ 7) 





=: 10 15 20 25 


illuminated 


time (min.) 
Fig. 6. Optical densities at 950 my» after 
2 min. illumination. 
full line: The part experimentaly 
observed 


TABLE III 
THE RECOVERY OF 665 myst BAND OF METHYLENE 
BLUE IN THE DARK AFTER 2 MIN. ILLUMINATION 
OF SOLUTION 
Optical Density 

Initial 0.792 
Immediately after 0.553 
2 min. illumination 
dark 0.599 
0.610 
0.628 
The analogous phenomena were also observed 
and monomethylamine. 


30 min. in the 
60 min. 4 


120 min. Y 
in the cases of di- 


Mechanism of the Reaction 
From the above experiments, a probable 
scheme of the reaction would be 
h 


MB* —> MB** 


I (k;) 


MB** + H.O + TA == 
II (k2) 
III (k;) 
Intermediate == MBH + TAO (2) 
IV 


and from the fact that the completely 
decolorized solution never regains its color 
in the dark, the process IV can be neglected 
practically for the photobleaching reaction. 
The order of the rate of the process IV 
can be estimated from the data given in 
the previous section (B) (2). From the data 
given in Table I (b) the apparent equili- 
brium constant of the photostationary state 
is estimated to be about 10, while from the 
data in Table I (a) it is to be of the order 
of 100. These constants, of course, depend 
upon the intensity of light and other ex- 
perimental conditions, but the conditions 
in case (a) are quite similar to those em- 
ployed for the bleaching experiment except 
the addition of TAO. Now the concen- 
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tration of trimethylamine oxide in the 
experiments for Table I (a) is ca. 10-’m 
while it is 2x10-°m at most when tri- 
methylamine oxide is not particularly 
added. The back reaction in the former 
case is perceived only after several hours, 
hence in the latter case it will be observed 
only after several thousand hours if one 
assumes that the rate is proportional to 
the concentration of TAO. 

The genuine equilibrium constant 
K [MBH] [TAO] 

~ [MB ] [TA] 
MB’ + H.0 + TA == MBH + TAO 


has not yet been studied but it would be 
much less than one, since the thermal 
forward reaction is negligible in the present 
experimental condition. In fact, a pre- 
liminary experiment showed that _ the 
bleaching is observed even in the dark 
after about several hours if 10° times TA 
to MB is added. The magnitude of the 
rate seems to support the above estimation. 
Thus the bleaching reaction would be the 
one accompanied with the increase of free 
energy. 

Next, a suitable rate formula will be 
derived. In most experiments the con- 
centration of trimethylamine is much 
larger than that of the dye, hence it will 
be allowed to put it as a constant through 
the reaction. Then the concentration of 
dye is a sole quantity which must be 
expressed as a function of time. 

If one assumes the scheme (2) and 
neglects the process IV, then the rate 
formula can easily be deduced as follows. 
Putting the concentration of dye and the 
intermediate as x and y respectively, the 
following differential equations can be 
written. 


for the reactoin, 


{—dx/dt=k,x—koy 
\—dy/dt= (ko +k;)y—kix 
The solution for x is 


s=-Ac + Be! 


where k= hth +k) 


Ry - 
s= 2° (ki +-kotk;)°—Ak,R; 
_£ ki—k es, k,—k 
and =<(1+ : ) =o 1-— = ) 


(c is the initial concentration of dye.) 

One can decide, by the method of trial 
and error, the values of A, B,k, and s from 
the bleaching curves experimentally ob- 
tained. In fact, all the data can be ana- 
lyzed by the above method, though the 


s,s 
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TABLE IV 
pH 9.2 Temp. 30°C 


[MB] [TA] ky 
Expt. A 2.0x10-'m 6x10-4M 0.157 
Expt. B 2.0x10-5M 1x10-4M 0.0224 


accuracies for the four constants are not 
so good and some degree of arbitrariness 
cannot be avoided. A few examples are 
shown in Fig. 7 and Table IV. 


om 


10 
& 


. of MB» 


conc 
wo & HD & 


ee eee 


20 40 60 80 100 120 140 
Time (min.) 
Fig. 7 


MB 2.0x10-5m TA 2.0x10-4m 


pH 9.2, Metallic net was not used, 
Temp. 30°C 
observed 
calculated 


When the concentration of TA is in: 


large excess, the relation (k+s) > (k-—s) 
holds, and the first term becomes negligible 
after a short time, and almost the whole 
bleaching curve can be expressed only by 
the second term. This is the reason why 
the rate formula is a simple first order 
type when the concentration of TA is in 
large excess. a contrast to a very small 
rate for the disappearance of the inter- 
mediate in the dark, k, and k; are in fact 
not so small compared with k,. This fact 
and the fact that the intermediate has 
very small absorption, suggest that the 
main process II and III are also photo- 
chemical. 

In the next paper, systematic investiga- 


ke ks 
0.0706 0.0604 x =0.6e- 92! + 0.9e- 0-038 
0.0321 0.0091 x=0.5e-%-2t +1, De—0-00385¢ 


tions under various experimental condi- 
tions will be reported and the above sug- 
gestion will be found to be true. 


Summary 


The photobleaching of the evacuated 
aqueous solution of methylene blue by 
dint of tri-, di- or monomethylamine was 
studied. The reaction products were 
identified to be leuco dye and amine oxide, 
the former by a spectroscopic method and 
the latter by a chemical one. 

It was found that a long lived metastable 
intermediate is produced and this inter- 
mediate slowly returns to the original dye 
even in the dark. Furthermore it was 
found that this intermediate has its own 
absorption near infrared region. On the 
basis of the above observations, the follow- 
ing scheme was proposed for the reaction. 

I (k:) 
+ H.O + TA = 
II (ko) 


III (&;) 
=== MBH + TAO 
IV 


MB 


Intermediate 


in which the process IV can be neglected 
in the present experimental conditions. 

From the above scheme, ths following 
rate formula was derived which can re- 
present all the experimental results satis- 
factorily. 


x= Ae~C* t+ Be-G—st 
where x is the concentration of methylene 
blue. 


Institute of Polytechnics, Osaka City 
University, Osaka 
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Introduction 


In the preceding paper’ the scheme for 
the reaction was established and a satis- 
factory rate formula was proposed. Now 
there will be reported in this paper some 
quantitative investigations upon the effects 
of various factors such as amine concen- 
tration, pH, light intensity, temperature 
upon the rate of the reaction. How the 
rate depends upon three kinds of amines 
will also be reported, analysing the bleach- 
ing curve by the proposed rate formula. 
Further, the influence of the addition of 
some metallic ions will be described. 
Though these experiments are still some- 
what preliminary, the results obtained are 
very interesting and are considered to 
give further support for the reaction 
scheme. Lastly, there will be some discus- 
sion about the connection between the 
vacuum photobleaching reaction and the 
process of oxygen absorption in aerobic 
condition. 


Experimental Results 


1. Quantitative Investigations upon the Rate 
of Photochemical Reaction between Methylene 
Blue and Trimethylamine.—-a. The Effect of 
pH.—pH was controlled between 7.7 and 9.2 by 
the use of m/35 borate buffer. Table I gives 
one series of typical resuits. 

TABLE [ 
THE EFFECT OF pH 
Methylene blue 2.0x10-5m 


Trimethylamine 1.0x10-3m 
Temperature 30°C 
pH ~—- [OH-] “On =" ky kz ks 
we | 5x 10-7 ] 0.014 0.023 0.04 
8.0 1x 10-* 2 0.056 0.066 0.014 
8.55 3.57x10-'m 7.1 0.156 0.126 0.039 
9.2 1.59x10-5m 32 0.69 0.64 0.141 


It can be said that all the constants are ap- 
proximately proportional to the hydroxyl ion 
concentration. 

b. The Effect of Light Intensity I).—The 


intensity of light was varied by successively 


1) H. Obata and M. Koizumi, This Bulletin, 30, 136 
(1957). 


inserting metallic nets between the filter and 
the condenser lens (See Fig. 1 of the preceding 
paper’). Table II shows two series of typical 
results. 


TABLE II 
THE EFFECT OF LIGHT INTENSITY 
Methylene blue 2.0x10-5 Mm 
pH 9.2 
Temperature 30°C 
Number o . 
[TA] metallic : oo ft ks Ook 
nets ™ 
0.1«10-3m 0 15.6 0.048 0.037 0.013 
0.1x10-3m 1 6.2 0.019 0.024 0.009 
0.1«10-3m 2 2.5 0.008 0.014 0.004 
0.6 10-3 m 0 15.6 0.157 0.125 0.104 
0.6«10-3 Mm ] 6.2 0.066 0.071 0.013 
0.6x10-3 m 2 2.5 0-023 0.020 0.011 
0.6 10-3 Mm 2 1 0.009 0.013 0.004 


As is expected, k is almost exactly propor- 
tional to the light intensity, but a remarkable 
result is that k; and k; also increase with the 
light intensity. Though the exact relationship 
cannot be given, the extrapolated k2 value to zero 
light intensity is evidently not zero. The values 
of k; are so randomly located that nothing can 
be said as to whether it has a finite value at 
zero intensity or not. 

As already suggested in the preceding paper”, 
it can. be concluded that all the steps are photo- 
chemical in nature, though there exists a small 
contribution of the dark back reaction from the 
intermediate complex. It is to be added here 
that the absorption of the intermediate is so 
small, as already established in the preceding 
paper, that it will never disturb the method 
of measurement employed in the present investi- 
gation. 

e. The Effect of Amine Concentration.— 


TABLE III 

Methylene blue 2.0x10-5m 

Temperature 30°C 

pH 9.2 

Metallic net None 

(TA] [TAT to [MB] i ke ft 

6x10-*m 30 0.157 0.071 0. 06° 
4x10-4m 20 0.107 0.076 0.037 
2x10-4m 10 0.048 0.037 0.012 
1x10-4m 5 0.022 0.032 0.01 


—- >) -— —-— —* TH HF ee - ee 


no 7s «& 


nan 2a @ 
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As seen from the above table, & is satis- 
factorily proportional to the concentration of 
trimethylamine. k, and k; also increase with 
the rise of amine concentration. 

d. The Effect of Temperature.—The results 
are summarized in Table IV. 


TABLE IV 
Methylene blue 2.0x-5 Mm 
Buffer Not used 
Expt. cra) Metallictemp. &, ks 

1 2.0x10-3m 3 45°C 0.178 0.084 0.094 
30°C 0.166 0.067 0.077 
20°C 0.114 0.064 0.049 
2 2.0x10-4m 0 45°C 0.031 0.048 0.018 
40°C 0.030 0.046 0.014 
35°C 0.025 0.043 0.016 
25°C 0.018 0.040 0.022 


k, evidently increases with the rise of tempera- 
ture and the activation energies calculated from 
the above data are ca. 3.4kcal. and 4.9 kcal. for 
case 1 and 2 respectively. Both k: and hk; also 
seem to increase a little when the temperature 
is raised, but the data are not accurate enough 
to enable an estimation of the activation energy 
to be made. At any rate the temperature coef- 
ficients for k, and k3; are about the same as or 
less than that of k. 

e. Quantum yield for the Initial Step.— 
Quantum yield for the initial step (Process I) 
can easily be calculated from the value of hk, 
the number of dye molecules (1.2 10!* per ml.) 
and the number of photons absorbed by the 
solution at the initial stage. The last quantity 
was measured and found to be 3.1 10!5/sec. ml. 
when no metallic nets were inserted. Table V 
shows the results of two series of various cal- 
culations. 


TABLE V 
QUANTUM YIELD 7 
a) (Methylene blue 2.0x10-5m 
ie 9.2 
Temperature 30°C 
Metallic net was not used 
[TA] 4 
6x10-4m 1.0«10-? 
4x10-4m 6.910 
2x10-4m 3.110 
1x10-4m 1.410 
b) (Methylene blue 2.0«10-5 um 
srenascorertarand 6.0x 10-4 
9.2 
Temperature 30°C 
Metallic net T 
0 1.0x10-: 
1 1.1x10-2 
2 1.1«10-2 
3 1.0x10-* 


f. Resumé for the Photobleaching of Methyl- 
ene Blue by means of TA.— 
(1) k, can be expressed as follows, 


k, =k, (OH-J[TA]Io 


(2) k» is proportional to [OH~] and increases 
steadily with the light intensity and the amine 
concentration. 

(3) Roughly speaking, k; behaves similarly 
as ko. 


2. The Photobleaching of Methylene Blue 
by means of Dimethylamine (DA) and Mono- 
methylamine (MA).—The efficiency for the 
photobleaching of methylene blue in the evacuat- 
ed aqueous solution was found to be in the order 
tri>di> mono. These results conform with 
those of Weil. In order to make clear which 
of the three processes-I, II and III is most affected 
by an amine of any kind, similar experiments 
as those for trimethyl amine were performed and 
the results were analyzed in the same way. 

a. The Effect of Amine Concentration—The 
results are summarized in Table VI. They can 
be compared with the data in Table III, because 
the experimental conditions are quite similar. 


TABLE VI 
THE EFFECT OF THE CONCENTRATIONS OF 
DI-, AND MONOMETHYLAMINE 


Methylene blue 2.0x10-5M 
m/35 Borate buffer pH 9.2 


Temperature 30°C 
: Ratio of 
Species {one®  amineto A hs 
[MB] 
DA 2.0x10-2m 1000 0.035 0.036 0.016 
DA 1.4x10-°m 700 0.026 0.022 0.009 
DA 1.0«10-°m 500 0.017 0.019 0.008 
DA 0.6x10-?M 300 0.013 0.017 0.007 
DA 0.2«10-°m 100 0.005 0.016 0.004 
MA 4.0~10-2M 2000 0.046 0.046 0.029 
MA 2.810-2M 1400 0.026 0.021 0.022 
MA 2.0x10-2m 1000 0.019 0.011 0.015 
MA 1.2x10-2m 600 0.011 0.009 0.007 
MA 0.8™10-2°M 400 0.008 0.010 0.006 


The values of k;, k2 and k,; are much smaller 
than those for trimethylamine. They are of the 
same order of magnitude for 4.0 10-2 m of mono- 
methylamine, 2.0~1.0-2m of dimethylamine and 
2.0 10-4 m of trimethylamine. k, is approximately 
proportional to the amine concentration in the 
above two cases and the dependency of kz and 
that of k; upon the amine concentration resemble 
that in case of trimethylamine. 


b. The Effect of Light Intensity.—The 
results are summarized in Table VII. 

The results are quite analogous to those of 
trimethylamine. Thus &, is proportional to the 
light intensity; #2 and k; also increase with the 
light intensity, indicating the participation of 
the photochemical process in processes II and III. 
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TABLE VII 
THE EFFECT OF LIGHT INTENSITY 
Methylene blue 2.0x10-5m 


pH 9.2 
Temperature 30°C 
: ve 
— eight ki ke hs 
intensity 
Dimethy]- 0 15.6 0.053 0.045 0.023 
amine 1 6.2 0.019 0.026 0.015 
(2.0 10-2 m) 2 2.0 0.007 0.014 0.011 


3 1 0.004 0.012 0.008 


Monomethy]l- 0 15.6 0.074 0.043 0.049 
amine 1 6.2 0.031 0.016 0.017 
(4.0 «10-2 m) 2 2.0 0.015 0.015 0.015 
3 1 0.005 0.004 0.006 


ce. The Effect of Hydrogen Ion Concentration. 
—The rate constants in the low pH values could 
not be measured because it was impossible to 
adjusted pH values by the use of borate buffer 
at the high concentration of amine. Though the 
data in Table VIII are scanty, it will be possible 
to say that k;, ky and k; are all proportional to 


[OH~-], the results being the same as that for 
trimethylamine. 


TABLE VIII 
THE EFFECT OF HYDROGEN ION CONCENTRATION 
Methylene blue 2.0x10-5 Mm 
Dimethylamine 2.0x10-2Mm 
1/35 Borate buffer 
Temperature 30°C 
pH wre Se ky ks ky 
10.1 7.94 0.26 0.24 0.227 
9.2 1 0.039 0.044 0.040 


The data for monomethylamin: are similar to 


the above. 
d. The Effect of Temperature.—This was 
investigated only for the case of dimethylamine. 


TABLE IX 
THE EFFECT OF TEMPERATURE 
Methylene blue 2.0x10-5m 


Dimethylamine 2.0«10-2m 
pH 9.2 

Temp. °C ky ko k; 
40 0.078 0.052 0.047 
30 0.039 0.043 0.041 
20 0.025 0.030 0.022 
10 0.012 0.013 0.010 


The activation energy for process I was cal- 
culated as 8.6 kcal./mol. This is evidently much 
greater than that for trimethylamine. The tem- 


perature coefficients for kz; and k; are somewhat 
smaller than that for k, but they are con- 
spicuously greater than the corresponding ones 
for trimethylamine. (compare with Table IV.) 
8. The Influence of the Addition of Cu*+ 
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and Fe*+*+*.—For the further elucidation of the 
reaction mechanism and of the nature of the 
intermediate, the investigation about the influence 
of some metallic ions upon the reaction seems 
to be very helpful, because perhaps some of the 
ions may selectively act on three processes-]I, II 
and III. Taking into account the data of oxi- 
dation-reduction potential, Fe+++ (E°;,=0.772 V.) 
and Cu++ (E",=0.167 V.) were selected and the 
bleaching reaction was examined in the presence 
of these ions. 

a. The photobleaching reaction can be exa- 
mined without any difficulty in the case of Fe***, 
so long as the concentration is not very large. 
Apparently the bleaching proceeds in the same 
way as whén no metallic ion is added. The 
results of the analysis of the bleaching curve 
are given in Table X. 


TABLE X 
THE EFFECTS OF THE VARIOUS CONCENTRATIONS 
OF Fet*t* 
Methylene blue 2.0x10-5 m 
Trimethylamine 6.0«10-4m 
pH 9.2 
Temperature 30°C 
Ratio of 
[Fet+*+*] [Fe++*] to ky ky k; 
[MB] 
4.5x10-*m 22.0 0.085 0.046 0.006 
3x10-4m 15 0.084 0.045 0.007 
0.75x10-4+m 3.75 0.100 0.045 ().027 
0 0 0.099 0.041 0.075 


From the above data it is clear that k; and k, 
are scarcely affected, while k,; is decreased by 
the addition of Fe***. Corresponding to this 
result, the absorption of the intermediate at 
950myz could be observed more prominently. 
Table XI (a) gives the value of log(I)/J) of 


TABLE XI 


Methylene blue 2.0x10-5m 
Trimethylamine 6.0x10-4m 
FeCl, 6.0x10-4m 
pH 9.2 


(a) The absorption spectra of the intermediate 
at 950 mz. 


After 10 min. 
in the dark 
0.011 


Initial Directly after 
2 min. exposure 
0.025 


log (1o/I) 0.008 


(b) Dark back reaction in the presence of 


Fe+*+*. (The increase of the optical density 
at 665 my) 
After 5 After 10 After 20 
min. min. min. 
illumina- illumina-  illumina- 
tion tion tion 
Initial 0.760 0.754 0.750 
Immediately 9 on 97 
after exposure 0.298 0.095 0.024 
10 min. inthe dark 0.380 0.120 0.038 
24hr.inthedark 0.618 0.296 0.137 


Ir 


by 


\v 
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Monomethylamine. II 


the intermediate at 950 mz immediately after two 
minutes exposure and Table XI (b) gives the 
variation of log(Io/J) at 665myz of methylene 
blue in the dark after a certain time of illumi- 
nation. 

If one compares Table XI (a) with Table II 
in the preceding paper, it is clear that the quan- 
tity of the intermediate is larger in the present 
case. Table XI (b) shows that the recovery of 
dye takes place in the dark. 

Since the recovery of the color can never be 
observed if the bleaching is made to proceed 
completely, the above data are only related with 
process II in which the intermediate goes back 
to the original dye. It is noteworthy that ferric 
ion only affects the intermediate, namely sta- 
bilizes the intermediate, and only reduces the 
value of 3. 

b. When cupric chloride was added to the 
system the induction period appeared, after 
which the photobleaching began to take place, 
and during the induction period, cuprous chloride 
was precipitated. The existence of this precipitate 
made it very difficult to pursue the photobleaching 
quantitatively. Taking into account the light 
dispersion by the precipitate of Cu*, it seemed 
that the rate of photobleaching does not differ so 
markedly compared with the rate obtained in the 
absence of Cu*+*. A typical example for the vari- 
ation of photocurrent is shown in Fig. 1. The 
induction period was found to be proportional 
to the addet Cu** ion concentration as shown in 
Table XII. 


< 

~ 40 

: 

~ 30 

. 

> 2 

om 20 40 60 80 100 ~—«*120 

time (min) 

Fig. 1. The variation of photocurrent 


in the presence of Cu** 
MB 2.0x10-5m, TA 6.0x10-4mM, 
CuCl, 6.0x10-5m, pH 9.2, 
Metallic net was not used, Temp. 30°C 


TABLE XII 
INDUCTION PERIOD IN THE PRESENCE OF Cu*+* 
Methylene blue 2.0x10->m 
Trimethylamine 6.0*x10-4m 
Temperature 30°C 
pH a. 
— 15 3 75 10 15 


Induction period - 14 5 48 
(min.) : wi 


bo 


Discussion 


The photobleaching of methylene blue 
by means of mono-, di- and trimethylamine 


takes place via the common scheme with 
only different specific rates. There is no 
doubt that an intermediate having quite 
a long life participates in the reaction and 
a probable scheme can be written as 
follows: 


MB* 


I (ki) 
+ H,O + TA = 
II (ke) 

III (k3) 


Recently Kutsaya and Dain” reported that 
methylene blue in alcohol was decolorized 
under degassed condition on exposure to 
light. They explained the reaction ac- 
cording to the following two-step’s. The 
first step is the formation of a colored 
photoproduct between dye and alcohol, 
and the further action of light reduces 
this product to the colorless leuco dye. 
Their scheme seems to conform well with 
our present one. 

The nature of the intermediate is not 
yet certain, but it is conceivable that the 
intermediate may have a structure such as 
MBH .:--O----TA which is produced by the 
following process. 


MB* + OH- + TA — MB?*..-HO-.--TA 


The fact that k, can be expressed as 
ki=k,,{OH-|[TA]Z, is consistent with the 
above picture of the intermediate. Al- 
though the scheme (1) cannot be said to 
have been definitely established, most of 
the experimental results can be interpreted 
well by the rate formula derived on the 
ground of scheme (1). Some of the results 
will be discussed along this line. 

(1) The Life of an Intermediate.— 
Putting the concentration of methylene 
blue and the intermediate as x and y at 
time ¢, and the initial concentration of the 
former as c differential equations for the 
rate process are 


dx 
dt =k, x-—koy 


dy 
dt = (ko t+k;)y—k\x 


and the solution for x is 
s=Ag *'%+BeF- 


as shown in the previous paper. 
On the other hand, y can be expressed 
as follows. 


= 


eens iin 


2) B. F. Kutsaya and B. Ya. Dain, Ukrain. Khim. 
Zhur, 17, 820 (1951) ; C. A. 49, 13789c (1955). 
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Time relations of x and y, for one example, 
are shown in Fig. 2. The analytical formula 
for this case are 


{x=0.6e—"°” +0.9e-°°°” 
._y=0.87 (e—°°°* —e~°*) 


As shown in Fig. 2, the concentration 
of the intermediate must reach its maxi- 
mum value a few minutes after the start. 
This conforms well with the observed 
magnitude of the absorption of the inter- 
mediate. 


~10-5m 


concentration 





time (min.) 


Concentration curves of MB 
and the intermediate. 

Full line: MB (x) 

Broken line: intermediate (y) 
MB 2.0x10-5m, TA 6.0x10-4m, 
pH 9.2, Temp. 30°C. 
Metallic not was not used 


Fig. 2. 


In the case of the addition of Fe°*~ ion 
where k; is reduced remarkably while k. and 
k, are’scarcely affected, equation (2) requi- 
res that y gets quite a large value. This 
was clearly demonstrated experimentally. 
Perhaps the discovery of such a unique 
effect of Fe will be considered to be the 
strongest support for the scheme (1). 

(2) The Effect of Cu’* Ion.—The data 
in Table XII can be interpreted as follows. 
From the fact that the induction period 
is proportional to the concentration of 
Cu’, it can be said that the rate of its 
disappearance is of the zeroth order in 
[Cu'’]. Hence Cu’” must attack the inter- 
mediate or the leuco dye as soon as it is 
produced. The following calculation shows 
that the first alternative is favorable. If 
the Cu** ion destroys the intermediate as 
soon as it is formed, the rate of the reac- 


tion, Cu** Cu, is written as 
d[(Cu’ ]_ 
dt =k, [MB], (3) 


while in case Cu~* attacks the leuco dye, 
the rate of the reaction, Cu** + Cu‘, must 
be represented as 


— dfCu’ ] kik; 


Using the values of k:, k2 and k; in the 
corresponding experimental conditions 
which are 0.157, 0.071 and 0.063 respec- 
tively, equations (2) and (3) can be written 
in the forms of (5) and (6) respectively. 


(- “=: J 20.157[MB] =3.14x10~ —) 
3 alee | _.0.034{MB]=6.8x10-7 (7) 


In the following Table XIII, the induction 
period as calculated from (5) and (6) as- 
suming that it comes to an end when Cu 
is eliminated, are compared with the ex- 
perimental one (Table XII). 


TABLE XIII 
THE COMPARISON OF THE INDUCTION PERIOD 
Ratio of [Cu+*+] to[MB] 1.5 3 io WwW £6 
Induction period (min.) 95 19 48 63 95 
calc. from (5) 
” calc. from (6) 44 88 220 290 44 
4 obs. (Table 12) 7 14 25 48 65 


From the above results it seems highly 
probable that Cu attacks the _ inter- 
mediate as soon as it is produced. It is 
to be noted, however, that the absorption 
spectra of the intermediate are still observ- 
ed in the presence of Cu’, hence further 
study seems to be necessary. 

(3) The Relation between the Vacuum 
Photobleaching and the Experiment cf 
Weil.—The fact that the absorption of 
the reaction intermediate is still observed 
in the presence of oxygen strongly supports 
the view that oxygen attacks only leuco 
dye. If this attack takes place very rapidly, 
the rate of the oxygen uptake must be 
expressed by the following equation after 
the arrival of the stationary state. 

d[O.] 1 kik; 

dt 2 kitk+k; a, 
Hence the rate of the oxygen uptake must 
be independent of the pressure after a 
certain induction period. According to 
Kihara’s unpublished experiments using 
ethanol as a solvent, oxygen absorption 
really takes place with the same rate irre- 
spective of the pressure of oxygen, and 
some induction period really exists. 

The above scheme is noteworthy since 
it differs greatly much from the postulate, 
as proposed by Schenck and other investi- 
gators, that oxygen attacks directly the 
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triplet state of dye molecules in general 
The question will be further studied in 
future. 

To sum up, it can be concluded that 
the proposed scheme is very satisfactory. 
Yet there still remain many things to be 
solved in future. Above all, each of the 
processes I, II and III are considered 
to be complex of itself, since all the ap- 
parent reaction constants, k:, ko, k; depend 
upon various factors. Another thing which 
seems to be very curious is that all these 
rate constants decrease in about the same 
manner when trimethylamine is replaced 
by dimethylamine and monomethylamine. 
When the detailed mechanism of each step 
is clarified, the reason for this will also be 
clear. 


Summary 


The effects of various factors upon the 
photobleaching of methylene blue in the 
evacuated aqueous solution by means of 
mono-, di- and trimethylamine, were 
studied experimentally, and the result were 
analyzed by the rate formula presented 
in the preceding paper on the basis of the 
following scheme ; 


For example. G. O. Schenck, Naturwiss., 40, 205, 
229 (1953) ; M. Pestemer, Z. Eiektrochem. 59, 121 (1954). 
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1(k:) 
MB* + H.0 + TA == 
II (Re) 

III (kz) 


The results obtained can be summarized 
as follows: k is written in the form; 
ki=k,,[OH-][TA]f. k& and k; are also 
proportional to [OH~] and they both in- 
crease monotonously with the light inten- 
sity and amine concentration. 

In addition, the photobleaching was ex- 
amined in the presence of Fe’** and Cu 
It was found that in the case of Fe’*’, 
k; is much decreased while k; and k» are 
scarcely affected. The absorption spectra 
of the intermediate were observed more 
prominently than when no Fe’"’ was pre- 
sent. From these results it was concluded 
that Fe’** stabilizes the intermediate. In 
case of Cu** some induction period was 
observed during which Cu _ precipitates, 
and its duration was found to be propor- 
tional to the concentration of Cu’*. From 
these results it was tentatively concluded 
that Cu’” attacks the intermediate. 
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Ionic Substitutions 


By Hiroaki BABA 
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Introduction 


Among the theories which treat the 
reactivity of organic molecules on the basis 
of the method of molecular orbitals, the 
Static and localization theories are extensi- 
vely used. As was pointed out by Wheland’’, 
the basic assumptions of the two theories 
are entirely different and run to two op- 


* Read at the Symposium on z-Electron Problems 
held by the Chem. Soc. Japan, Oct. 1954 (See Abstract 
of the Meeting, p. 69). A part of this paper, in Japanese, 
is to be found in K. Higasi and H. Baba, ‘“‘Quantum 
Organic Chemistry”, Asakura Publishing Company, 
lokyo (1956), p. 314. 

1) G. W. Wheland, J. Am. Chem. Soc., 64, 900 (1942) 


posite extremes. That is, in the static 
theory*-» the measure of the activity 
in substitution reactions is the z-electron 
density, the self-polarizability, or the free 
valence of the atom to be attacked. All 
these quantities refer to the normal state 
of the molecule. On the other hand, the 
corresponding measure in the localization 
theory’? is the localization energy. The 


2) G. W. Wheland and L. Pauling, J. Am. Chem. 
Soc., 57, 2086 (1935). 

3) C. A. Coulson and H. C. Longuet-Higgins, Proc. 
Roy. Soc., A191, 39 (1947); A192, 16 (1947). 

4) C. A. Coulson, Faraday Soc. Discussion, No. 2, 
9 (1947). 

5) R. D. Brown, Quart. Rev., 6, 63 (1952). 
















































latter quantity has been presumed by the 
authors of the theory to be associated 
with the actual ‘‘ transition state ’’. 

Notwithstanding the above situation, the 
same conclusions were reached by the 
route of each of the two theories. Both 
of them were found in good accord with 
known experimental results. Astonishing 
agreement was obtained for alternant 
hydrocarbons. Several authors®*'» have 
paid attention to this peculiar fact, and 
tried to see if there may be any correlations 
between the two antagonistic theories. It 
seems, however, that there are available no 
successful attempts that have made clear 
under what condition the two theories 
should become equivalent to each other. 
In the present paper a mathematical proof 
will be given for this problem. It will be 
shown that the static theory becomes equi- 
valent to the localization theory, in case a 
certain condition is fulfilled. In fact, the 
latter condition is satisfied in many alter- 
nant hydrocarbons. 


Terminology and Basic Relations 


The LCAO molecular orbital (MO) 
method” in its simplest form is employed. 
Resonance integrals between non-adjacent 
atomic orbitals (AU) and overlap integrals 
are not considered here. 

Symbols used in the present and sub- 
sequent papers in this series are given 
below. 

n=number of AO’s. 

7, s,t, v, w=atoms of a conjugated system. 

X,=AO for atom 7. 

oj;=jth MO. 

cj,=coefficient of x, in dj. 

€=energy of a MO. 

8,;=resonance integral between atoms 

% & 

a,=coulomb integral of atom 7. 

E=total energy of z-electrons. 

q,=7-electron density at atom 7. 

prs=a-bond order of bond 7s. 

N,=bond number at atom 7. 

F,=free valence at carbon atom 7. 

m,,>=self-polarizability of atom 7. 

D(&€)=secular determinant for a con- 


6) R. Daudel, C. Sandorfy, C. Vroelant, P. Yvan and 
O. Chalvet, Bull. Soc. Chim. France, 17, 66 (1950). 

7) F. H. Burkitt, C. A. Coulson and H. C. Longuet- 
Higgins, Trans. Faraday Soc., 47, 553 (1951). 

8) H. H. Greenwocd, Trans. Faraday Soc., 48, 585 
(1952). 

9) M. J. S. Dewar, J. Am. Chem. Soc., 74, 3355 
(1952). 

10) B. Pullman and A. Pullman, “ Les théorie électro- 
niques de la chimie organique”, Masson et Cie (1£52), 
chapitre X. 

11) K. Higasi, Monogr. Res. Inst. Appl. Elec., 4, 
27 (1954). 
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jugated molecule, regarded as a func- 
tion of &. 

D,,;(€) =determinant obtained by striking 
out the vth row and sth column of 
D(é). 


EY, ESP, ES? =total w-electron energies 


of the residual molecules” in nucleo- 
philic, electrophilic and radical sub- 
stitutions at carbon atom 7. 


L‘?, LY, L?=localization energies in 


nucleophilic, electrophilic and radical 
substitutions at carbon atom 7. 


The prime after the symbol of summa- 
tion denotes that the sum is taken only 
for the atoms adjacent to a given atom; 
e.g. for »’p,; the sum refers to atoms s 

Ss 


adjacent to atom 7. 

The symbol to which a small zero is 
affixed, e.g. p),, Ev, refers to the initial 
state of a molecule, unless otherwise stated. 

Every determinant occurring in an inte- 
gral with respect to y is to be taken as a 
function of zy, where 7 is the imaginary 
unit, Vv —1. 

The resonance integral between two 
adjacent carbon atoms of any molecule in 
its initial state is assumed to have a con- 
stant value 8, which is negative. The 
energy of a MO and the coulomb integral 
of any atom are measured relative to the 
coulomb integral for carbon atom. 

The general theory of molecular orbitals 
includes the following basic relations. 


[obuar = ZX CirChr = 8 jt, (1) 
T= 
N= 2 Drs, (2) 
F,=/ 3—N,, (3) 
7 
B= 3S GQ;4+22 2 dB: (4) 
r=1 7>s 
oa (5) 
qr 5a,’ 
2br: oBrs e ( 
ee (7) 
Oa, oa; 
0<q,S2, (8) 


LP =EQ—Ev, LP=EP- Ev, 
LP =EY—Eo. (9) 


Alf compounds treated in this study are 
even alternant hydrocarbons (AH). For 














4 
of 


S 


| eed 
. 
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such molecules the additional equations 
(10)-(12) hold: 


q;=1, (10) 
EP=EP=E, (11) 
LP =LP=LP=L™., (12) 


The quantities associated with the static 
and localization theories will be termed 
‘“‘static’’ and ‘“‘dynamic’’, respectively. 


Change in Total Energy of z-Electrons 
with Variation of Coulomb Integral 


The fundamental equation” in the treat- 
ment of ionic substitutions by the static 
theory is as follows: 


bE= @)6a,+—7),,daz+---- : (13) 


where 6a, is assumed to be small in magni- 
tude. Its sign is positive for a nucleo- 
philic reagent and negative for an electro- 
philic one. Since in an AH, with which 
we are concerned, the initial electron 


density gq; is 1 irrespective of 7 (see Eq. 
(10)), the difference in reactivity at its 
various positions is determined by the 


1 
second term 9 71 r8Qi. 

Now, suppose that the coulomb integral 
of atom 7 changes from its initial value 
a’=0 to a, which can be of any value 
from —© to +0, and that the other cou- 
lomb and resonance integrals are through- 
out kept constant at their initial values. 
Then, instead of Eq. (13), the change in 
total energy will be given by 

IE, (a, 
4E,(a,) =E,(a,) —Eo= % GB (Gs) da,, 
0 da r 
(14) 


which, from Eq. (5), may be written as 
JAE, (a) =|" (a,)da,. (15) 


In the following some relations between 
a, and q,(a,) will be described. First, it 
is easily seen that 


or 7>+o 
lim q,(a@,) =2. (17) 


From relation (7) it follows that, when a, 
changes from —© to +0, q,(a,) decreases 
monotonously from 2 to 0. According to 
the integral expression given by Coulson 
and Longuet-Higgins” 


_j 1 f° Por 
q,(a,) =1 xJ\-. Dy) 


This reduces to 


dy. (18) 


q7(a,) = 1— il (D°)? ee F 2 dy, (19) 


since D,,,=D),,, D=D°+a,D},,, and D® and 
D>, are even and odd functions of y, re- 
spectively». Therefore 


q,(- a,) —1=—{q,;(a,) - i} (20) 


namely, the point, where a,=0 and q,=1 
is situated at the center of symmetry of 
the q,(a,) curve. This will be clear at a 
glance at the curve of Fig. 1, which was. 
obtained by numerical calculations for 
benzene. 


Pr(qr) 
5432410412834 Sp 


Fig. 1. @,(a,) for benzene. 


Returning to Eq. (15), it will be seen 
that JE,(a,) is equal to the area under 
the curve between a,=0and a,=a,. Con- 
sequently, from Eq. (20) 


4E,(a,) =JE,(—a,) +2a,. (21) 


Since D=D'+a D?},, it is easily seen that, 
when a@,>+© or —©o, one of the solutions 
of the secular equation D=0 reduces to 
a,, and the others to the solutions of 
D},,=0. D?, =0is identical with the secular 
equation for the residual molecule. Hence 
it is verified that 


lim JE,(a,) =LY (22) 
arot+o 
and 
lim {JE,(a,)—2a,}=L. (23) 






4Er(a@r) 
LEr@n -2ar aa 


10 5 0 3 10 '-f) 
ar— 


Fig. 2. 4E,(a,) and 4JE,(a,) —2a, for benzene. 
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From Eqs. (21), (22) and (23) it follows 


that L9?=L°. 
lation already cited as Eq. (12). Eqs. (21), 
(22) and (23) will be illustrated by an 


example shown in Fig. 2, where JE,(a,) 
and JE,(a,)-—-2a, for benzene are given. 


This is a well-known re- 


Definition of Partial Polarization 
Energy 


To begin with, a new quantity will be 
introduced. In the previous section the 
a-electron density at atom 7 was defined 
as a function of a@,, which was expressed 
as q,(a,). Conversely let a, be regarded 
as a function of g, and be written a,(q,). 
Since q,(a,) is a single-valued, continuous 
and monotonous function of a,, a@,(q,) is 
also such a function of q,. 

Consider a function of gq, as follows: 


P, (qr) = SE, (Qr(r)) — qr@+ (qr). (24) 
Taking into account the definition of 
JE.(a,) it is easily seen that P,(q,) is 


equal to the area hatched in Fig. 1. Then 
P,(q,) is expressed in an alternative form: 


a, om 
P, (qr) = > a,(q,) dq. (25) 
From Eqs. (14) and (24) it follows that 
P, (ar) =E? (qr) —Eo, (26) 

where 
E*(q,) =E, (Q@r(qr)) —qrQy (Gr). (27) 


Since it has been assumed that coulomb 
integrals except for a, and resonance 
integrals are all kept at their initial values, 


E, (ay (qr)) =QrQr (Gr) +2 SpeowB (28) 
vp w 


(cf. Eq. (4)), where p,,, is the 7-bond order 
of bond vw corresponding to a,(q,). So 


E* (q,) = 2 Sb. (29) 


Consider now the following conditions: 
(1) all the coulomb and resonance inte- 
grals, including a@,, should be invariant, 
i.e. they have the same values with those 
at the initial state of the molecule; (2) 
the coefficients of AO’s should satisfy Eq. 
(1). Under these two conditions, the lowest 
value of the total energy of z-electrons is, 
of course, Ey), and the z-electron density 


at atom 7 is g; (=1). On the other hand, 


if the former value were calculated under 
the same conditions with an additional 
one, i.e. (3) the z-electron density at atom 
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vy should be of a given value qg,(+q}), then 

it would become identical with E*(q,). 
Consequently it is seen that 

E¥(q)=E, and P,(q,)=0 (¢,=¢)), } 

> (30) 

E#(q)>E, and P,(q,)>0 (qr*q}).| 


In short, P,(q,) corresponds to the incre- 
ment of the total energy due to the vari- 
ation of z-electron density of atom 7 from 


its normal value g;=1 to an imaginary 
Then P,(q,) might be called 


the partial polarization energy for atom ”. 
It follows from Eq. (20) that 


P,(@;) = P, (2- qr); (31) 
and by considering Eqs. (16) and (17) it 
is verified that 


lim E*(q,) =EY, lim P, (gr) =LY, (32) 


q,70 q,79 


lim EF (qr) =E%P, lim P, (qr) =LY. (33) 


qe aye 


Therefore 
LS =P,@ =P,@) =L*P. (34) 


one q,+q). 


This is again in accord with Eq. (12). 
By differentiating Eq. (25) 


aP(qy) " 

a ar(qr), (35) 
@P,(qr) 1 

dq; ~ rsx 7 (36) 


In Fig. 3 the relation between q, and P, 
is shown for benzene. It is to be noted that 
aP,(q,)/dq,=0 at q,=q? and that |z?},,| is 
equal to the radius of the curvature of 
the curve at g,=q?. 


Le 











Gr > 
P,(qr) for benzene. 


Fig. 3. 
Correlation between the Two Sets 
of Quantities 
Let us now consider the correlation be- 


tween the static and dynamic quantities. 
It is well known that for an even AH 


a 





V 


a 


a 
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D'(€) and D},,(€) are of the forms”: 
D° (€)= i Gn—28’ E"~* + an_sB'E"—'- 
+(—1)"?aP", (37) 


D?,,( =- é"' +6? B?E"-3- aS?.B' Ens 
pee (1a BE, (38) 
where 
a —=0 (1=0, 2, ------ »#—2), (37') 
ay? =0 (=1,3, ----- ,»w—3). (38') 


That is, the signs are alternately positive 
and negative, and D’(€) has only even 
powers of €, while D},, (€) only odd powers. 
From Eqs. (37) and (38) it follows that 


D? (ty) = (—1)*/? (y" + an_2B’y"— 
+4n—sB ty"! +--+. +a.B"), (39) 
Dé”) = (- 1) */2Zy (y"—2 + Lg By"-4 
+a? Biy"—> +--+ +a RB"). (40) 
Now consider two positions 7 and s in 


an even AH, and suppose that 


a? = a for 1=1,3,----- ,n--3, (Al) 


where a{”, a§? are the coefficients of &' ap- 


pearing in the expansions of D),, and D?,,, 

respectively. Throughout the following 

discussions it is assumed that for at least 

one value of / the inequality in (41) holds. 

Then, from Eq. (40), we have 

D+ (iy) , Dist) 

(—1) "ty © (—1)*!éy © 

—co<y< (42) * 

As will be shown later, the relation (41) 


is valid in many conjugated molecules, 
g., for positions 1 and 2 in naphthalene: 


D},, (€) = —€°+ 9B’ E' —26B'E* 
+2968°&—11P°E, | 
Bre B°E (43) 
D’,,(€) =—€ + 98°" —2584E5 | 
+268°&—8B°E. 
The integral expression given by Coulson 


and Longuet-Higgins” for the self-polariza- 
bility of atom 7 is 


-O for 


- { DG) \* 


dy, (44 
-| Dy) J od ) 


"8 a) = as) =0, both the first and second sym- 


bols of inequality, and if a) = as) -0, the first symbol 


should be replaced by symbols of equality at y=0. But 
these corrections will cause no change to occur in the 
tater results. 
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and the integral expression for q,(a,) has 
been already indicated as Eq. (19). If 
relation (41) is valid, then relation (42) 
will hold, so that 


{D},r (iy) }°<{D!, (ty) <0 (—~<y<o), 
(45) 
except for y=0, where both terms are 
equal to zero. Then, considering the fact 


that D’(zy) is real for any value of y (cf. 
Eq. (39)), it follows that 


/ 1 <7 3,3< ’ 2 
wideede 46) 
or | 7,7] > |wt,s| >0. J 
Further, under the above condition, it is 
evident that, when a@,=@,, 
{D?,,(éy) }° 
(D’ (iy) }°—az{D?},, (iy) 
: {D8,s(éy) }? - 
{D° (ty) }°—a?{D8;, (ty) }? © 
(—co<y<oo, y+0). (47) 
Consequently, we have 
qr(Q,) <qs(A;) <1 (A,;=a °0), ) (48) 
¢-,) >¢la,) >1 @,;=a,<®, § 
which are illustrated in Fig. 4. Hence, 


according to the definitions of JE,(a,) 


and P,(q,), it can be easily shown that 






qr or qs—> 


a, OY a;— > 
Fig. 4 
JE, (a,) < JE:(Qs) (a,=a.>90), 
AE,(a,) —2a,<JE,;(As) —2as (49) 


(a,;=a;<0), 
and 
P, (qr) < Ps (qs) 
Therefore, from Eqs. 
or from Eq. (34) 


= 2LDP< 


(qr,=qs¥1). (50) 
(21), (22) and (23) 


LP= Ly. (51) 
These situations are explained by Figs. 5 
and 6. From Eqs. (36) and (46), it is seen 
that at g,-=q;=1 the curvature of the curve 
P,(qr) in Fig. 6 is smaller than that of 
the curve P;(qs). 
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TABLE I 
Posi- as” 9 , 
Compound tion* ' ry | oy a . 
- ; =" 
oY r i=11 9 7 5 3 1  —«/A) . 
1 2 0.626(a) 0.838(e) 1.644(k) 
Butadiene 2 1 0.402(a) 0.391(e)  2.472(k) 
1 4 3 0.685(a) 0.861(e) 1.524(k) 
Hexatriene 3 3 2 0.470( a) 0.464(e) 2.160( k) 
2 3 1 0.389(a) 0.378(e)  2.516(k) 
1 6 10 4 0.870(e)  1.463(k) 
3 5 7 3 0.479(e)  2.080(k) 
Octatetraene 4 5 7 2 0.445(e)  2.217(k) 
2 5 6 1 0.375(e)  2.530(k) 
1 gs 21 20 #65 0.874(e)  1.426(k) 
3 7 16 14 4 0.485(e)  1.999(k) 
Decapentaene 5 7 16 13 3 0.458(e) 2.117(k) 
4 7 16 13 2 0.441(e)  2.237(k) 
2 7 15 10 1 0.374(e) 2.536(k) 
Benzene 4 3 0.398( a) 0.399(e) 2.536(k) 
1 9 2 29 Il 0.443(a) 0.452(f) 2.299 
Naphthalene 2 9 2 2 8 0.405(a) 0.404(£) 2.480 
9 8 21 2 5 0.330(a) 0.104(£) 3.056 
9 14 74 188 245 158 40 0.526(b) 0.520(g) 2.01 (k) 
Anthracene 1 14 73 181 224 129 26 0.454(b) 0.459(g) 2.25 (k) 
2 14 72 173 203 107 18 0.411(b) 0.408(g) 2.40 (k) 
1 14 73 182 228 135 29 0.439(b) 0.452(g) 2.30 (k) 
9 14 73 181 227 137 3 0.442(b) 0.451(g) 2.30 (k) 
Phenanthrene 4 14 73 181 224 129 26 0.429( b) 0.440( g) 2.39 (k) 
3 14 72 174 «208 116 24 0.407(b) 0.407(g) 2.41 (k) 
2 4 72 174 «207 113 21 0°403(b) 0.404(g) 2.50 (k) 
2 1 3 74 56 15 0.423(c) 0.436(g)  2.400(c) 
cies 4 11 42 70 53 15 0.411(c) 0.412(g)  2.447(c) 
_—s 3 11 12 69 49 12 0.396(c) 0.395(g) 2.544(c) 
1 1 36 58 £43.~°« «212 0.124(¢)  2.919(k) 
7 R 7 3 7 0.821(h)  1.704(h) 
2 6 10 | 0.443(h)  2.370(h) 
a a 6 g } 0.415(h) 2.424(h) 
ee 4 6 9 4 0.415(h)  2.424(h) 
3 6 9 3 0.395(h)  2.546(h) 
1 5 7 3 0.106(g¢) 2.960(k) 
7 1’ 7 13 7 0.957(i) 1.23 (k) 
o-Quinodimethane 4 5 6 1 0.094(i) 2.96 (k) 
1’ 7 13 7 0.974(i) 1.21 (k) 
p-Quinodimethane 2 6 9 4 0.462( i ) Zen (kK) 
1 5 5 1 0.070(i) 3.02 (k) 
; 1 12 48 80 53 9 0.419(d) 0.428(j)  2.408(d) 
Diphenylene 2 12 47 42°77 + &«2453 12 0.443(d) 0.421(j)  2.352(d) 
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(a) 
(b) 
(c) 
(d) 
(e) 
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* The numbering of positions is given as follows: 


a - ye ws 


for o-quinodimethane, =< er for p-quinodimethane, f ,° for diphenylene- 


For the other molecules the numbering system of Chemical Abstracts has been employed. 


From reference 3. 

H.C. Longuet-Higgins and C. A. Coulson, J. Chem. Soc., 1949, 971. 

R. D. Brown, Experientia, 6, 376 (1950). 

R.D. Brown, Trans. Faraday Soc., 46, 146 (1950). 

C. A. Coulson, Proc. Roy, Soc., A169, 413 (1939). 

J. E. Lennard-Jones and C. A. Coulson, Trans. Faraday Soc., 35, 811 (1939). 
R.D. Brown, Aust. J. Sci. Res., A, 2, 564 (1949). 

R. D. Brown, J. Am. Chem. Soc., 73, 4077 (1953). 

A. Pullman, G. Berthier and B. Pullman, Bull. Soc. Chim. France, 18, 450 (1948). 
R. D. Brown, Trans. Faraday Soc., 45, 296 (1949). 

From Table I of reference 7. 
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qr OF Qs > 
Fig. 6 


Thus it has been strictly proved that, 
when the condition of inequalities (41) 
holds, the self-polarizability of atom 7 be- 
comes larger in magnitude than that of 
atom s, and the localization energy for 
atom 7 becomes smaller than that of atom 
s. That is, if the relation (41) can be 
found for any two atoms 7 and s ina 
given molecule, whether we employ the 
static theory or the localization one, 
we necessarily reach the same conclusion 
that atom 7 is more reactive than atom s 
in both electrophilic and nucleophilic sub- 
stitutions. Regarding naphthalene, for in- 
stance, the static and localization theories 
should give the same prediction that the 
position 1 is more reactive than position 2 


(cf. Eqs. (43)). The values of af”, z),,, F; 


and L®”> for various even AH’s are sum- 
marized in Table I. 


Discussion 


In studying the relationship between the 
Static and dynamic quantities, it is highly 
important to note that the self-polariza- 
bility z?,, for atom 7, which is a static 
quantity, is closely related to the deter- 
minant D?,, (cf. Eq. (44)), which is the 
very secular determinant for the residual 
molecule at the transition state. This fact 
May suggest that some correlation between 
the two sets of quantities, z?,, and L‘? 
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(=L9°=L%?), should be found in the pro- 


perty of the determinant D)},, itself. It is 
not unnatural, if we be led to the in- 
equalities (41). 

For every pair of positions in molecules 
treated in Table I this condition of in- 
equalities is satisfied. There are only a 
few cases of exception, viz. positions 1 
and 9 in phenanthrene and 1 and 2 in di- 
phenylene. The sequences found in the 
magnitudes of both the static and dynamic 
quantities are also in accord with what 
should be expected from our preceding 
arguments. However, for positions 1 and 
9 in phenanthrene the results of the two 
theories do not agree with each other. 
It is to be noted here that inequalities 
(41) are a sufficient but not necessary con- 
dition, and therefore even if the inequa- 
lities do not hold, it should not always 
lead to the conclusion that the static and 
localization theories give contradictory 
predictions concerning the reactivity of 
positions y and s. This is the reason why 
the predictions of the two theories for 
positions 1 and 2 in diphenylene do not 
contradict each other. 

Next, we shall proceed to the discussion 
of the quantity P,(q,) that has been 


defined as the partial polarization energy. 


In the localization theory it is assumed 
that, in the transition state, 0 or 2 z-elec- 
trons are held fixed on the carbon atom 
attacked according as the reagent is nucleo- 
philic or electrophilic, respectively. As 
described previously this assumption of 
complete localization (or polarization) is 
obviously an extreme one, and it might be 
more plausible to consider that there 
should occur partial localization (or po- 
larization) of z-electrons at the transition 
state. Remember that we have defined the 
partial polarization energy P, as a func- 
tion of g, which can take any value be- 
tween 0 and 2. Then we may preferably 
employ P,(q,), instead of the localization 


energy LY or L%, as the measure of the 


reactivity in the ionic substitutions. 

In general, it is difficult to estimate to 
what extent the polarization of the elec- 
trons will take place at the transition 
state. Fortunately, however, when in- 
equalities (41) hold for two positions 7 and 
s in an alternant hydrocarbon, P,(q,) will 
be less than P;(qs) for any value of qg,=4qs 
(see Eq. (50)). In such a case, therefore, 
from the viewpoint of partial polarization 
the conclusion will be reached that atom 
vy is more reactive than atom s both in 
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nucleophilic and electrophilic substitutions. 

As is seen from Eq. (36) the quantity 
P,(q,) is also related to static quantity 
m},r at gr=q?. We can thus say that the 
partial polarization energy P,(q,) is a 
quantity of a more general nature which 
can represent the static and dynamic 
quantities at some special values of q,. 

A similar situation will arise with the 
quantity JE,(a,) or JE,(a,)—2a,. Indeed, 
jE,(a,) defined by Eq. (14) is more general 
than 6£ of Eq. (13), since the latter is 
the same as JE,(6a,). 

In the discussion of the relationship be- 
tween the static and dynamic quantities, 
Brown” has derived a rule of chemical 
non-crossing which is in good agreement 
with the trends in curves of Fig. 6 or Fig. 5. 

Only alternant hydrocarbons have been 
treated in this study. In a non-alternant 
hydrocarbon or a molecule containing 
hetero atoms, such a relation as inequa- 
lities (48) does not necessarily hold, be- 
cause the z-electron densities g; and q! are 
in general not equal to each other. There- 
fore it cannot be expected that the two 
theories should always give the identical 
prediction for the reactivity of positions 
y and s, either for nucleophilic or electro- 
philic reagents. 


Summary 


A mathematical proof is given that 





[Vol. 30, No. 2 


under a certain condition the static and 
localization theories become completely 
equivalent to each other in predicting the 
reactivities in ionic substitutions of the 
positions in a given even alternant hydro- 
carbon. The said condition is concerned 
with the coefficients of the powers in the 
expansions of the secular determinants 
for the residual molecules. It is shown 
by numerical calculations that the condi- 
tion is fulfilled by almost all positions in 
12 molecules treated. The change in total 
energy of z-electrons is given as a func- 
tion of a coulomb integral, and a new 
quantity called partial polarization energy 
is introduced which is defined as a func- 
tion of the z-electron density at a given 
position. Both are useful for relating the 
static quantity to the dynamic one. The 
latter is a new measure of a general nature 
for the reactivity of the position towards 
the ionic reagents. 
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the present work. Thanks are also due 
to Professor K. Fukui and Dr. S. Nagakura 
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the Ministry of Education for a grant-in- 
aid. 
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Reactions. II*. Radical Substitution 


By Hiroaki BABA 


(Received October 26, 1956) 


Introduction 


It has been pointed out in the previous 
paper” (hereafter referred to as I) that 
in ionic substitutions the static measures 
of chemical reactivity are closely associated 
with the corresponding dynamic quantities. 
That is, they become equivalent to each 
other, if a certain condition is fulfilled. 
That condition refers to the coefficients 
of the powers appearing in the expansions 

* Read in part at the Symposium on 2z-Electron Prob- 


lems held by the Chem. Soc. Japan, in October 1954. 
1) H. Baba, This Bulletin, 30, 147 (1957). 


of the secular determinants for the 
residual molecules appropriate to the 
substitutions concerned. In the present 
paper it will be shown that under the 
same conditions the two sets of quantities 
used as the measures of the reactivity in 
radical substitution become also mutually 
correlated. Further, it will be proved that 
in the same relation, Dewar’s approximate 
values’? of localization energy become 


2) M. J. S. Dewar, J. Am. Chem. Soc., 74, 3355 
(1952). 
3) M. J. S. Dewar, J. Am. Chem. Soc., 74 3357 
(1952). 
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completely parallel with the accurate ones. 


Change in Total Energy of 7z-Electrons 
with Variation of Resonance Integrals 


Before entering into the subject of this 
article we shall briefly refer to the role 
of the free valence in radical substitution”. 
Consider an even AH, and let the positions 
adjacent to position 7 be denoted by f?, 
[' sree . Suppose that a radical reagent at- 
tacking at position 7 brings about the same 
amount of change, 6, in the resonance 


integrals $y Bre’, . Then the energy 
change will be expressed as a Taylor 
series: 
saa 9 = a0+--...., (1) 
t OBre 


where 68 is assumed to be small and posi- 


tive. By the use of Eqs. (2), (3) and (6) 
of I, this may be rewritten as 
-2N; 68+ erry Ply 3 —F)8B ++. (2) 


Eq. (2) shows that the samllest increase 
in energy will occur for the largest value of 


free valence F; or the smallest value of 
bond number WN}, and hence the most reac- 


tive position is the one with the highest 
free valence or the lowest bond number 
in the initial state of the molecule. 

Now, for the purpose of relating the 


above-mentioned static quantities F,; and 
N; to the dynamic one L};?, let it be as- 


sumed that the resonance integrals #,r, 
Brttycee change simultaneously from their 
initial value 8 to a certain value between 
and 0. Further it is assumed that the 
other resonance integrals and coulomb 
integrals are all kept at their initial values. 
Then the total energy of z-electrons E,, 
bond order ~,, and bond number N, may 
be regarded as continuous functions of @,, 
where B<8,=Br=Br' =: <0. These 
functions will be denoted by E,(8,), f,4(8,) 
and N,(g@,), respectively. Then, instead 
of Eq. (1), the following expression will 
be otained as the energy change”: 


Br 
AE, (B,) =E,(B,) —E+ - |” SE 4p. 


Pr OF, 
=3'[ Log & (3) 
t B OB 


Again this may be rewritten as 
4) R. D. Brown, Quart. Rev., 6, 63 (1952). 


5) F. H. Burkitt, C. A. Coulson and H. C. Longuet- 
Higgins, Trans. Faraday Soc., 47, 553 (1951). 
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Br 
4E,(8,) =’ I 28, a8, 


Br 
=| 2N,(8,)d8,. (4) 
B 


Thus the bond number WN, as a function 
of 8, has come to be important, so that 
some remarks on it will be given. 


First, from the definition of N?} 


N,(8) =N;. (5) 


Next, let us consider what happens to the 
value of N,(8,) when 8, approaches to 
zero. Consider a system consisting of 
carbon atom 7 and odd AH obtained when 
atom 7 is excluded from the even AH in 
question, and suppose that in this system 
there is no interaction between atom 7 and 
the odd AH; then we may regard 8,=8,; 
== Bypheree as zero. 

An odd AH has always a non-bonding 
molecular orbital (NBMO), so that there 
exists a degenerate level of zero energy 
in the system. The NBMO of the odd AH 
will be expressed as 


dunce a Db Xv. (6) 
v 


The coefficients b,..s can be easily cal- 


‘culated on account of the characteristic 


property of NBMO”. 

Now consider such a perturbation for 
this system under which #, changes from 
zero to negative. The correct zeroth order 
MO’s for this perturbation will be linear 


Cr) 7 
zero 


combinations of y, and ¢ 


zero, = 9g Xr t-@sero) - (7) 
It may be assumed without loss of gener- 
ality that it is $2... which becomes a bond- 


ing orbital under the influence of the per- 
turbation. Conversely, when #, for the 
even AH tends to zero, one of the MO’s will 


reduce to $7.,, and the others to the bond- 
ing orbitals of the odd AH. Therefore it 
follows from Eqs. (6) and (7) that 


1 
lim Dit (B;) =2- 


Br-»0 V2 


‘lim N, (B,) =2 bot. (9) 


Br->0 


It should be noticed that p,;(8,) and hence 


1 
Dr: (0) og bot = but, (8) 


N, (0) 


N,(8,) do not vanish even if @, tends to 
6) H. C. Longuet-Higgins, J. Chem. Phys., 18, 265, 
275 (1950). 
7) M. Jj. S. Dewar, J. Am. Chem. Soc., 74, 3341 


(1952). 
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zero. On the basis of these considerations 
the relation between 2N, and 8, may be 
represented schematically by the curve 
shown in Fig. 1. 


2Nr 


2Nr(O) 


3, > 
Fig. 1 


According to the foregoing arguments, 
it follows at once that 


lim Z,(6,) =EY° (10) 
Br->0 

and 
lim ZE,(8,) =L>. (11) 
Br-0 


On the other hand the approximate values 
of Li’, given by Dewar’ based on the 
treatment of perturbation theory, are 

282"bie and - 28S" bo. If these values 


be designated as LY’ and L¥"’, then we 
have 


Li’ =~ 2N78, (12) 


Lip" =-—2N,(0) B. (13) 


Now Eq. (4) shows that the value of 
4JE,(8,) is equal to the area under the curve 
of Fig. 1 between 8,=8 and 8,=8,. Hence, 


Cr) 


x iS equal to the area under the curve 
between 8,=and 8,=0, while L{’ is equal 
to the area of the reactangle whose ad- 
8 and 2N;, and LY" to 


that of the rectangle whose adjacent sides 
are —8 and 2N,(0) (see Fig. 1). 

As an example, the relation between 
N, and #8, for benzene is shown in Fig. 
2. In this example, 


jacent sides are - 


1 
Dirt (O) =p,1'(0) a” fa? 


and 


2 
N,O)=7>5> 
Vo 





LS 


N, 


0.5 


12 0.58 0 
3,—> 
Fig. 2. N,(#,) for benzene. 


since the coefficients of the AO’s in the 
NBMO of pentadienyl are calculated as 
shown in Fig. 3. It may be worthy of note 
that there exists the following relation 


among the magnitudes of N°, Li? and 
N, (0): 


2N}> ~~“. >2N,(0). 
6 


Py | a 
— 


I 
3 
Fig. 3 
This is easily seen from Fig. 2; in fact 
the calculated values of the three terms 
are 2.667, 2.536 and 2.309, respectively. 
The above relation means that 2N; is 
the upper limit of L,’/—8, while 2N,(0) is 


the lower one. 


Correlation between the Static and 
Dynamic Quantities 


Consider two positions 7 and s in an 
even AH. According to the integral ex- 
pression given by Coulson and Longuet- 
Higgins” for z-bond order 


4 a ” Dru 
" r) =(- r+t+i_— . (14) 
bn (By) 1) 4 i D® 


8) C. A. Coulson and H. C. Longuet-Higgins, Proc. 
Roy. Soc., A191, 39 (1947) ; A192, 16 (1947). 
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When D is expanded with respect to the 
rth row, 


D=5' (—1)"**8,D,,1—ED,,r- (15) 
t 


Therefore it can be shown that 


-1 *° Diy) +iyD,,, (iy) 


NAB)= 3 | Diiy) ” 
(16) 
which reduces to 
os. 
N,(8,) sey 83? 
; r D’ (iy) +iyD?.,, (iy) 
J ~~ (B,/B)2D" (iy) +{(8,/8)?—1}iyD},, éy) 
x dy. (17) 


A similar expression may be obtained for 
N,(8;). Now, if inequalities (41) and hence 
inequality (42) of I hold, then it follows 


iyD?,,(éy) _ tyD’,s(@y) 
(- 1)*/2 (- 1)” 2 
(—co<y<oo, y+0). (18) 


<0 


Consequently, using Eq. (39) of I, it is 
easily verified that 


N, (81) <Ns(Bs) for 8=<8,=8;S0. (19) * 


In particular cases where 8,=8;=8 and 
8,=B8;=0, we have 


NV<N}, (20) 
and 


N, (0) <.N;(0), (21) 


N, or 2N;- 


9 





By or Bs —> 
Fig. 4 


* For 6,= 8,=O it is assumed that a) > a) in in- 
equalities (41) of I. If a-=a"S), then lim N,(B,) 
1 1 ort 
r 


=lim N,(p.). 
6,0 2 $ 


respectively. These relations are explain- 
ed by Fig. 4. 

Thus, the conclusions derived from in- 
equalities (41) of I are summarized as 
follows: 


(1) The bond number WN? is smaller 
than N?, and hence the free valence 
F° is larger than F?; 

(2) The localization energy LS? is small- 
er than LS?; 

(3) Dewar’s approximate values of 
localization energy LS’ and L‘"’ are 
smaller than LS’ and L‘’', respec- 


tively ; 

(4) The bond number N,(§8,) is smaller 
than N.(8:) for 8<8,=8.50; 

(5) The change in total energy of z- 
electrons JE,(8,) is smaller than 
4JE.(8.) for 8B<B,=B.S0. 

From (2) and (3) it follows that the two 
approximate values of Lf, i.e. —2N°8 
and —2N,(0)8 will run parallel to the ac- 
curate one. Conclusion (5) is in accord 
with the concept of chemical non-crossing 
rule. 

All the correlations stated above may be 
found for any pair of positions in those 
molecules shown in Table I of the previous 
paper except for positions 1 and 9 in 
phenanthrene, and 1 and 2 in diphenylene. 

Lastly, it should be added that the method 
used in the present paper in dealing with 
the radical substitution is essentially the 
same as that used previously in treating 
the ionic substitutions. This situation may 
be understood by inspection of Table I 
where the correspondence among the used 
variables is recorded*. 


TABLE I 


Ionic substitutions Radical 


substitution 


Nucleophilic Electrophilic 

0a, <+co - co <a, 8=8,S0 
Qr(@r) qr(@r) N;(8r) 
AE, (a,) AE, (a,) —2a, 4E,(Br) 


* A quantity corresponding to the partial polarization 

energy P,(q,) in ionic substitutions may be defined as 
LA(N,)=4E,(8,(N,))-2N,{B,(N,)—B}, 

which might be called partial localization energy. L,(N,) 

appears to be not so useful as P,(qg,). This is partly 


due to the fact that, so far as the «-bond order is cal- 
culated according to its usual definition, N,(B,) does not 


reduce to zero when 8, tends to zero. 
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Conclusion 


Both the argument of the present paper 
and that of the previous one have made 
clear that: When the condition of in- 
equalities (41) of I hold for two positions 
in an even alternant hydrocarbon, the 
same conclusion follows for the relative re- 
activities of the positions both in ionic and 
radical substitutions, and it does not mat- 
ter which quantity be employed as a me- 
asure of the reactivity from among self- 
polarizability, free valence and locarization 
energy (accurate or approximate). This 
condition of inequalities (41) is satisfied 


in many alternant hydrocarbons. There- 
fore, it is not peculiar that the two theories 
usually give the same prediction concern- 
ing the reactivity of this sort of molecules, 
notwithstanding the fact that there is a 
striking difference in fundamental assump- 
tions involved in them. 


The author wishes to express his sincere 
thanks to Professor K. Higasi for reading 
the manuscript and for valuable criticism. 
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Introduction 


Meisenheimer et al.'’? described a mixed 
salt having the composition 2[Co en;]Cl;- 
NaCl-6H.O. It was prepared from an 
aqueous solution containing racemic [Co 
en,;]Cl; and NaCl. 

Hitherto unrecorded double salt having 
the same chemical composition has been 
prepared from a solution containing op- 
tically active p-[Co en;]Cl; and NaCl. This 
double salt was chosen for confirming the 
‘** gauche’’ configuration of the ethylene- 
diamine ligands in the complex ion [Co 
en;]*°’, found in crystals of p,L-[Co ens] 
Cl;-3H,0 by X-ray method”. Since the c- 
axis is as short as 8.06A, it should be 
possible to obtain a clear projection of a 
single complex ion with less overlapping 
of atom. 

The determination of the absolute con- 
figuration of the optically active complex 
ion, [Co en,]*” was also made successfully 
in regard to this compound by using ab- 
sorption edge technique*’ and a brief ac- 


1) J. Meisenheimer. L. Angermann and H. Holsten. 
Ann., 438, 269 (1924). 

2) K. Nakatsu, Y. Saito and H. Kuroya, This Bulletin, 
29, 428, (1956). 

3) J. M. Bijvoet, Proc. Roy. Soc. Amsterdam, B52, 
313 (1949) ; A. F. Peerdemann and A. J. van Bommel, 


count has already been published”. In 
the present paper details of the structure 
analysis will be described. 


Preliminary Investigation 


The crystals were grown from a solution of 
p-[Co en3]Cl; and NaCl in proportion of 5:3 by 
weight by slow evaporation in a desiccator con- 
taining calcium chloride. They form hexagonal 
prisma, belonging to the hexagonal pyramidal 
class. Crystals are orange, optically uniaxial 
and possess optical activity. The form exhibited 
by the salt is shown in Fig. 1. Assuming the 
pyramidal planes to be (1011) an axial ratio, 
a:c=1:0.704, was obtained, in agreement with the 


ZL 


Fig. 1. A crystal of 2p-[Co en3;]Cl;- NaCl-6H20- 


ibid., B 54, 16 (1951) ; J. M. Bijvoet. A. F. Peerdemann 
and A. J. van Bommel, Nature, 168, 271 (1951). 

4) Y. Saito, K. Nakatsu, M, Shiro and H. Kuroya 
Acta. Cryst., 8. 729 (1955). 

* Present adress; Momotani Juntenkan Co., Ltd 
Osaka. 
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Fig. 2. Electron density projection of 2p-[Co en3;]Cl;-NaCl-6H:O along the c-axis. 


Contours are drawn at intervals of 4 e. A-? for peaks at (0, 0), (1/3, 2/3), and (2/3, 


2 


1/3), and of 2e. A-2 for other peaks, zero-electron contour being broken. The 
atomic positions are indicated by dots, outlines of the complex ions being shown. 


value a: c=1:0.703 subsequently obtained from 
diffraction photographs. The density determined 
by the pyknometer method using organic liquid 
was 1.559 g./ec. at 20°C. 

The results of chemical analysis and the values 
of specific rotation measured at wave lengths 
of the Na-D line in aqueous solution are shown 
below: 


Found Calcd. ee 
Cy2HysgNi2Cl-Co2.Na-6H:O 
Cl 29.0% 29.0% 
H:O 11.8% 12.6% 
Specific rotation of 
p-compound [alp 138 
L-compound* [@a]p=—133°. 


Determination of the Structure 


Laue photographs taken with X-ray beam 
parallel to the c-crystal axis showed hexagonal 
symmetry. Oscillation photgraphs around the 
c-axis indicated the presence of a symmetry 
plane perpendicular to the c-axis. Hence the 
Laue symmetry was found to be Ce,-6/m. 

The unit cell dimensions were found from 
higher order reflections observed on equatorial 
lines of oscillation photographs. They are 


a=11.47+0.03 A and c=8-°06+0.02 A. 


Iron Kea radiation was used throughout (A 
1.937 A). The unit cell contains one formula 
unit. The calculated density is 1.552g./cc., in 
good agreement with the observed value. 

Two cylindrical specimens of about 0.2 mm. in 
diameter were cut one parallel to each principal 
axis. All the equatorial reflections were recorded 
on Weissenberg triple film photographs. The 


* L-compound can be prepared in the same way from 
L-(Co en, Cl; and NaCl. 


intensities of the observed reflections were esti- 
mated by visual comparison procedure and were 
corrected for Lorentz and polarisation factors 
using Cochran’s chart». No absorption correc- 
tions were made. The resulting F-values were 
correlated so that all the observed data were on 
the same relative intensity scale, and they were 
later converted into an absolute scale by com- 
parison with the calculated values. 

No systematic extinctions were observed, hence 
the space lattice must be primitive. However, it 
was found that odd order reflections of (000/) 
are always very weak, contributing only two 
per cent of total (000/) intensity. The corres- 
ponding space group should have no center 
of symmetry, since the crystal is optically 
active as well as piezoelectric: active. The 
facts indicate that the symmetry is very near 
but not exactly to that of the space group P6;. 
Accordingly it was decided to adopt the space 
group P6, during the preliminary treatment of 
the structure. The space group P6; affords 
sixfold general positions and two sets of twofold 
positions. Since there is one formula unit 
in the unit cell, cobalt atoms must occupy 
special positions and all other atoms except one 
sodium and one chlorine atom must occupy sets 
of general positions leading 21 parameters. In 
the space group P6,; there exists no singlefold 
special position for a sodium ora chlorine atom, 
so they must lie on some position belonging to 
lower symmetry class. 

In attempting to fix the positions of the cobalt 
and chlorine atoms in the (000/) projection, the 
Patterson function P(UV) was evaluated. This 
projection fixed the positions of these atoms with 
certainty. At the outset of Fourier syntheses only 
the cobalt and chlorine atoms were used for calcu- 
lating the signs of the observed structure factors 


5) W. Cochran, J. Sci. Instruments, 25, 253 (1949). 
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Fig. 3. 


Projection of the structure along the c-axis. 


Important N---Cl distances are given. 


and the series P (XY) was evaluated. Successive 
refinements with (F,—F,) syntheses were suc- 
cessful and the atoms were mostly resolved. It 
was found that the odd sodium and chlorine 
atoms lie on (00z). The projection finally ob- 
tained is shown in Fig. 2, which can be inter- 
preted with the aid of Fig. 3. Although some know- 
ledge about the position of hydrogen atoms were 
obtained from {Po(XY)—P-(XY)} as well as Po 
(XY), it does not seem to be significant because 
the analysis was less aceurate. 

Since the size and shape of five membered 
cobalt-ethylenediamine ring and other interatomic 
distances were known by our previous investi- 
gation, z-parameters of all the atoms could be 
fixed approximately from packing considera- 
tions, assuming that all the atoms except Nat 
and Cl~ of NaCl component are arranged according 
to the symmetry of P6;. The positions of Na* 
and Cl~ were also deduced by packing considera- 
tions. They are: zya~0.77 and zoi~=0.27. Thus 
the assumed structure is based on the space 
group P3. It was easily shown that such an 





Fig. 4. Electron density projection along 
the a-axis. 
Contours are drawn at intervals of 4 e. 
A~-?, zero-electron contour being broken. 








0 _. 3A 


Fig. 5. Projection of the structure along 
the a-axis. 


arrangement of atoms may well account for the 
charactersitic features of Laue and osciallation 
photographs. The assumed structure was then 
confirmed by evaluating the Patterson projection 
(P)VW. The real and imaginary parts of F(0kkR/) 
were then calculated. The agreement between 
the observed and calculated values was sufficiently 
good to start Fourier refinements. P(YZ) was 
then evaluated and refinements were repeated as 
usual. Final projection shown in Fig. 4 lead the 
structure illustrated in Fig. 5, which corresponds 
to an elevation of the structure shown in Fig. 3. 
The z-parameter of oxygen atoms is less reliable 
because of the poor resolution of the projection 
P(YZ). Parameter values thus obtained are 
listed in Table I. These parameters gave the 
reliability index (R=)||Fo|—|F-||/S|F.') of 


0.144 and 0.221 for (Aki0) and (Okkl) respectively. 
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TABLE I 
FRACTIONAL ATOMIC COORDINATES 

Atom x BY z 
Co 2/3 1/3 0 
N, 0.783 0.295 0.854 
Np 0.647 0.183 0.146 
Ci 0.773 0.167 0.907 
C2 0.742 0.140 0.093 
Cl, 0.617 0.100 0.528 
O 0.897 0.098 0.520 
Na 0 0 0.770 
Cl. 0 0 0.270 


All the atoms except Na and Cl; are 
arranged on the basis of P6, 


In the calculation of the structure factors the 
atomic scattering curves given in International 
Tables were employed. The structure amplitudes 
were adjusted in the usual way by multiplication 
by a temperature factor exp—B(sin@/d)*. B 
was evaluated graphically from the slope of a 
plot of log F,/F, against (sin @/A4)*. B was found 
to be 3.5 A’. 

Though it is certain that the structure thus 
deduced gives a clear picture of the essential 
features of the structure, the intensities of the 
odd order reflections of (0001) cannot be satis- 
factorily explained by the present model. The 
higher R-value for (Okkl) zone compared with 
that for (hkki0) zone may indicate a presence 
of errors ia z-parameters. Namely, the inten- 
sities of the odd order reflections of (000/), 
especially strong intensity of (0003), cannot be 
quantitatively explained. Calculation of inter- 
atomic distances on the basis of the parameters 
listed in Table I reveals that both Na* and Cl- 
ions on a line (00z) are surrounded octahedrally 
by six water molecules at a distance of 2.84 A. 
This would be a rather unlikely occurrence. It 
is well established that Na+ has a smaller ionic 
radius than Cl If we change the z-parameters 
of oxygen atoms slightly and assume a following 
sequence of Na*, H:O and Cl 


M0262 HO. 
Ci =22-----H,0---2Na----H0------= Cl 
"HO “H,0%4,085 


the symmetry of the arrangement of oxygen atoms 
becomes that of the space group P3. The cal- 
culated F(000/) values based on this model 
indeed gave a better agreement with the observed 
values, however, the distribution of calculated 
intensities J(hkil) did not show the presence of 
a plane of symmetry perpendicular to the c*- 
axis in the reciprocal space. This fact is not in 
conformity with the observed Laue symmetry. 
In order to account for the observed diffraction 
Symmetry we have to assume a random arrange- 
ment of Nat and Cl- ions on 2(a) of P6;. 
But, if we assume complete randomness, then 
the odd order reflections of (0001) should dis- 
appear. However, it may not be impossible 
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to overcome this difficulty, if we assume a kind 
of polycrystalline twinning. Let us denote as P 
and Q the two structures where the relative 
positions in the z-direction of Na*-(H,O);-Cl-- 
sequence are different with respect to the rest 
of the structure; 
P Q 

2Na z 2 

zc1 zy +o with z=0.770 
If these two structures occur in a given single 
crystal with the same frequency and the size 
of each crystallites are larger than the coherent 
region of X-rays, the intensities of (hkil) reflec- 
tion will be given as sum of contributions from 
P and Q, for in a polycrystalline twin there will 
be no phase relation between two structures. So 
that we have; 


l(hkil)=L.p 1/2{F} (hAkil) + F? (hkil)} (1) 


I(hkil)=L.p 1/2{F)(hkil) 4 Fo (Akil)} (2) 


where L.p denotes Lorentz and polarisation 
factors. 

It is possible to show that the difference be- 
tween J(kkil) and I(hkil) becomes smaller by 
considering such a twinned structure, thus 
resulting better agreement with the observed 
diffraction symmetry. 

On the other hand, the odd order reflections of 


(0001) can be given as; 
1(0001) = L.p1/2{F 7, (0001) + FQ (0001) } <0 (3) 


The calculation of intensities based on this model 
led to improved agreement with the observed 
values. z-parameters of oxygen atoms were ad- 
justed so as to give the best fit with the observed 
intensities. This time the value of R reduced 
to 0.173 for (Okkl) zone, giving the weighted 


TABLE II 
ATOMIC COORDINATES OF O, Na AND Cl, ATOMS 
IN THE STRUCTURE P AND Q 


Model P Model Q 
# y z x y Zz 
oO; 0.897 0.098 0.560 0.897 0.098 0.440 
O: 0.098 0.201 0.980 0.098 0.201 0.020 
Na 0 0 0.770 0 0 0.230 
Cl, 0 0 0.270 0 0 0.730 


mean value of 0.161 for all the observed reflec- 
tions around the two principal axis. In Table II 
the parameters of O, Na and Cl atoms are listed. 

Observed and calculated structure amplitudes 
based on the parameter values shown in Tables 
I and II are shown in Table III. 

With the parameters given in Tables I, and II 
the interatomic distances and interbond angles 
tabulated in Table IV were calculated. The 
accuracy of the determination was estimated using 
the equation given by Cruickshank”. The stand- 
ard deviation in electron density is o(p) =0.68 


6) D. W. J. Cruickshank, Acta Cryst., 2, 65 (1949). 
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TABLE III 


CBSERVED AND CALCULATED STRUCTURE AMPLITUDES 








1k.0 F F 3k.0 F F. ak .O Fy F. 7R.0 Fy F. 
0) 3 35 0) 7 4 ) 12 17 0 29 27 
1 78 77 1 22 21 1 38 35 1 15 18 
Z 75 70 2 18 23 2 ’ 13 2 5 7 
3 10 21 3 53 30) 3 <9 0 3 12 14 
| 81 83 | 12 38 | 10 10 | 10 0 
5 25 28 5 24 22 5 12 11 8k.0 
6 <¥ 5 6 28 24 6 13 1] 0 18 Po 
7 1] 37 7 1] 12 6k.0 ] <8 l 
8 11 6 8 1] 13 0 32 30 2 14 9 
9 11 5 1k.0 ] 3 ] 3 3 6 

ak .0 0 28 23 F 8 | OR .0 
0) 7 12 I 30 34 3 17 19 0 10 14 
1 10) 13 2 13 10 { 13 15 1 5 > 
Z 35 31 a 27 33 > 13 13 10k.0 
3 6 7 | 21 Ze 0 18 8 
4 7 3 5 10 12 
5 67 58 6 9 13 
6 5 3 7 12 10 
i 12 21 
& 16 37 
9 6 2 

Ok.2 F, FF. #£AP,@)" OR.8 F F F (P,Q) OR.: F KF, F.(P,Q 
0) 138 140 135 0 38 33 27 0 9 2 14 
] 35 39 12 l 15 } a] ] 16 g 17 
2 17 20 24 Ok.1 2 32 35 1] 
3 15 12 15 0 5 6 5 3 17 27 17 
| 62 65 63 l 17 58 53 | 20 9 12 
5 10) 10 10 2 26 36 10 5 10 14 17 
6 5 3 7 3 84 78 82 6 7 5 { 
7 31 34 33 } 22 12 14 7 23 28 24 
8 | 6 8 5 Y 6 8 OR.7 
9 | 5 } 6 5) 8 ] 0 5 2 10 

Ok.4 7 60) 6: 63 1 18 17 21 
0 1] 71 54 8 19 15 20 2 16 22 18 
| | 12 14 Y 17 15 8 | 8 17 y 
Z 3 29 27 OR.3 ! 12 12 Y 
3 1] 31 39 0 26 3 24 3 8 8 x 
{ 20 19 25 1 38 29 32 
o 12 20 21 2 12 13 37 
6 20 14 17 3 31 3! 30 
7 10 12 11 | 18 10 12 
38 17 15 13 5 13 12 1] 

Ok.6 6 5 8 1] 

0 28 15 38 7 5 34 34 
1 37 21 26 8 6 > 
2 8 7 12 
3 1] 15 16 
| 14 16 17 
5 29 25 22 
6 14 13 13 
* Calculated on the basis of twinned structure. 
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e.A~? on the (0001) projection. The standard 
deviation o(x) of some atoms are 0.014A for 
Cl,, 0.031 A for N,, 0.048A for N2 and 0.051 A 
for O, respectively. 


TABLE IV 
CALCULATED INTERATOMIC DISTANCES AND 
BOND ANGLES 


Co—Ni 1.98A Z.Co—Ni—C, 109.6 
Co—N2 2.00 Z Co—N2—C2 109.4 
Ni—-C; 1.48 ZNi—Ci—Cz 109.0 
N.—C2 1.47 ZNe—C:—C; 110.2° 
C,—C2 1.54 Z.N,—Co—N:; 87.4 
Ch--M, 3.58, 3.36, 3.371 
Cli---Ne 3.17, 3.19A 
Cli--C, 3.43, 3.82, 4.07A 
Cl--Ce 3.73, 4.06, 3.66A 
Model P Model Q 
O;--Cl, 3.22A 3.23A 3.30A 
O»--Cl; eo a.a0 Suze 
O;---Cy' ce 3.48 3.26 
3.67 3.76 3.56 
3.68 3.4] 4.24 
Jory 3.38 Sa aee 3.38 
3.67 3.58 3.67 
3.68 3.95 3.68 
O;---Co Ke 3.17 3.40 
3.83 3.79 3.98 
1.08 1.36 3.56 
Oo-+-Ce 3.37 3.29 3.37 
3.83 3.89 3.83 
1.08 3.81 1.08 
Na--O; & O» 2.84 2.62 2.62 
Clo---O,; & Ov 2.84 3.08 3.08 
O;---O;(Oz---Ov) = 3.46 3.46 3.46 


Description of the Structure 


The arrangements of the atoms in the 
unit cell can be most clearly seen in the 
projection on the plane (0001), which is 
shown in Fig. 3. The size and shape of 
the complex ion are in good agreement 
with those previously described by us. 
The ethlyenediamine molecules take ‘‘ gau- 
che’’ forms and six nitrogen atoms form 
a slightly distorted octahedron around the 
central cobalt atom. 

The azimuthal angle between planes 
containing the C—N bond and the C—C 
bond is found to be 48°. A complex ion 
is surrounded by nine Cl~ ions, six being 
at the corners of a trigonal prism and 
the other three at the apexes of an equi- 
lateral triangle. The closest approach of 
the complex ions and Cl~ occurs between 
NH, group and Cl-, suggesting hydrogen 
bond of type N—H---Cl-. The Cl----N dis- 
tances are 3.17, 3.18 and 3.19A, which 
are comparable to the values obtained by 
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various authors. The way in which a 
complex ion forms ionic bonds is very 
similar to that of racemic [Co en;] Cl;-3H.O. 

If we adopt the above mentioned model 
having a twinned structure, a sodium ion is 
surrounded nearly octahedrally by six 
water molecules at a distance of 2.62 A. 
forming [Na(H.O),]° group. The packing of 
the complex ions and Cl~ ions brings about 
a structure having hollow tunnels parallel 
to the c-axis, in which the above mentioned 
sequence of [Na(H.O),]* and Cl~ ions is 
held. 

This structure was worked out without 
assuming any other relationship to the 
racemic [Co en;]Cl;-3H.O, except the 
initial assumption of the interatomic dis- 
tances and bond angles. The unit cell 
dimensions of both substances show inter- 
esting relations; namely, both unit cells 
have nearly the same a-axis, and the c- 
axis of the racemic chloride is about twice 
that of the optically active double salt. 
Moreover, the above mentioned surround- 
ings of the complex ion [Co en,]** are 
very similar in both structures, so that 
one may expect to find some common 
building units of which both structures 
are made up. Inan effort along this line we 


‘ pick out from the two substances, neglect- 


ing the minor differences, the groups, 
having the composition [Co en;]Cl;-3H,O. 
This group is marked A in Fig. 3 in the 
previous report. If we double this group 
by the operation of a digonal screw axis, 
the structure, having the space group P6s, 
would be obtained. This is the structure of 
this double salt without NaCl component. 
In the structure of p,1i-[Co en;]Cl;-3H.O, 
whose corresponding space group is P3cl, 
the group [Coen;] Cl;-3H.O is repeated four 
times by the operation of a glide plane c and 
a center of symmetry. Thus the concept 
of the polysynthetic structure developed 
by Ito” is applicable to the broad struc- 
tural principles and is shown to be useful in 
discussing the structure of related complex 
compounds as illustrated by the present 
example. It enables us to describe the 
complicated structure in a straightforward 
and simple way. 


Summary 


The preparation of two mixed salts, 
2p-[Co en;]Cl;-NaCl-6H,O and 21-[Co en;] 
Cl,-NaCl-6H.O: is described. The space 
group is P3, with one formula unit in 


7) T. Ito, ‘* X-ray Studies on Polymorphism”, Maru- 
zen, Tokyo (1950). 
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a cell of dimensions: a=11.47+0.03 A, 
c=8.06+0.02 A. However, the structure 
has the pseudo space group P6;. By eva- 
luating the functions p(XY) and p(YZ), 
projections of the structure on two crystal- 
lographic planes were obtained. A kind 
of twinned structure was proposed to get 
a better agreement between the observed 
and calculated intensities. The structure 
shows very close resemblance to that of 
bD,L-[Co en;]Cl;-3H,O. A sodium ion is 
octahedrally surrounded by six water 
molecules, with Na ---O distances of 2.62 A. 
The whole structure is ionic consisting 
of the ions [Co en;]*’, [Na(H.O),]° and Cl-. 
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Introduction 


It is well known from infrared absorp- 
tion spectra that salicylaldehyde and o- 
hydroxyacetophenone have no free hy- 
droxyl groups and hence all the molecules 
form intramolecular hydrogen bonds’. 
In the previous paper’, the present authors 
discussed the magnitudes and the direc- 
tions of charge migrations caused by the 
hydrogen bonding in an _ o-nitrophenol 
molecule. Sincé a similar charge migration 
due to the intramolecular hydrogen bond- 
ing is also expected in the case of salicyl- 
aldehyde and o-hydroxyacetophenone mole- 
cules, it would be of interest to determine 
its magnitude and direction. The same 
treatment as that of o-nitrophenol can be 
applied to these two compounds. 


Experimental 


Materials.—-All the materials were prepared 
in the present authors’ laboratory except p- 
chloroacetophenone, p-nitroacetophenone and 5- 
chloro-2-hydroxybenzaldehyde which were pur- 
chased. 5-Chloro-2-hydroxybenzaldehyde, 5- 
methyl-2-hydroxybenzaldehyde and p-nitroaceto- 
phenone were purified by recrystallization, while 


1) L. Pauling, ‘* The Nature of the Chemical Bond”, 
Cornell University Press, Ithaca, New York (1940), pp. 
318, 319. 
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TABLE I 
DIELECTRIC CONSTANTS AND DENSITIES OF 
THE DERIVATIVES OF SALICYLALDEHYDE AND 
ACETOPHENONE IN BENZENE SOLUTIONS 


Compounds w x 10° e d 
!-Chloro-2- 130 2.2693 0.86692 
hydroxybenzaldehyde 240 2.2726 0.86723 
(m. p. 52”) 597 2.2869 0.86839 
690 2.2905 
5-Chloro-2- 395 2.2677 0.86771 
hydroxybenzaldehyde 616 2.2710 0.86837 
(m. p. 100°) 1198 2.2793 0.87017 
1748 2.2867 0.87188 
3-Methy!l-2- 124 2.2850 0.87202 
hydroxybenzaldehyde 207 2.2924 0.87248 
(m. p. 59 ) 298 2.3014 0.87283 
p-Chloroacetophenone 366 2.2791 0.86817 
(b. p. Za2°) 1137 2.3074 )~=—- 0.86987 
2568 2.3659 0.87321 
4460 2.4432 0.87774 
p-Nitroacetophenone 215 2.2785 0.86716 
(m. p. 80 ) 485 2.2972 - 
870 2.3252 0.86888 
1876 2.3953 0.87185 
5-Chloro-2- 271 2.2693 0.86753 
hydroxyacetophenone 574 2.2754 0.86841 
(m. p. 54°) 1813. 2.3004 0.87195 
3750 2.3410 0.87741 
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TABLE II 


MOLECULAR POLARIZATIONS AND DIPOLE MOMENTS OF THE DERIVATIVES OF SALICYLALDEHYDE 
AND ACETOPHENONE IN BENZENE SOLUTIONS 


Compounds t(°C) & 
4-Chloro-2-hydroxybenzaldehyde 30 =©2.2639 
5-Chloro-2-hydroxybenzaldehyde 30 =2.2623 
5-Methyl1-2-hydroxybenzaldehyde = 6B. Blae 
p-Chloroacetophenone 30 = 2.2630 
p-Nitroacetophenone 30 2.2634 
5-Chloro-2-hydroxyacetophenone 30 =. 2.2635 

{-chloro-2-hydroxybenzaldehyde and _ 5-chloro-2- 


hydroxyacetophenone were purified by steam 
distillation followed by recrystallization. p- 
Chloroacetophenone was purified by distillation. 

Measurements.—All the measurements were 
made in benzene solutions at 30°C or 25°C. The 
apparatus and the method of measurements were 
the same as those used in the previous study”. 


Halverstadt-Kumler’s method was employed 
throughout. 
Results.—The results are shown in Table I 


and Table II, in which notations have the same 
significance as those used in the previous paper. 


Results and Discussions 


It was shown in the previous paper” 
that unless there is hydrogen bonding or 
a specia] steric effect between the sub- 


stituents the dipole moments of benzene ° 


derivatives having certain substituents 
can be expressed by the vector sum of the 
group moments of the respective sub- 
stituents within 0.1D. In order to discuss 
the dipole moments of salicylaldehyde and 
o-hydroxyacetophenone, therefore, it is 
necessary to obtain the moments of alde- 
hyde and acetyl groups which are required 
for calculating the dipole moments of the 
hypothetical salicylaldehyde and o-hy- 
droxyacetophenone molecules having no 
intramolecular hydrogen bonds. 

Since it is known that benzaldehyde and 
acetophenone molecules are planar’, let 
the molecules be placed in a coordinate 
system as in Fig. 1. The x- and y-com- 
ponents of the dipole moment of benz- 
aldehyde are denoted by pw; and w,;, and 


in ee 
¥ 
is 
(a) 


Fig. 1 


HC. a® 


: 


2) B. Eda and K. Ito, This Bulletin, 29; -524 (1956). 
3) W. Klyne, “ Progress in Stereochemistry ”, Butter- 
worths Scientific Publications, London (1954), p. 148. 


d, a B Pew MR»p n(D) 
0.86649 3.85 0.317 148.6 38.5 2.31 
0.86648 1.40 0.309 76.3 38.5 Loe 
0.87147 9.43 0.464 263.9 38.1 Sige 
0.86725 4.03 (.234 157.1 40.4 2.40 
0.86650 7.04 0.283 259.4 42.2 3.29 
0.86678 2.06 0.284 106.2 11.9 1.79 


TABLE III 


DIPOLE MOMENTS OF BENZALDEHYDE, ACETO- 
PHENONE AND THEIR DERIVATIVES IN BENZENE 


SOLUTIONS 

Compounds Hobs.(D) pealed.(D) 4(D) 
Benzaldehyde 2.96 3.00 + 0.04 
p-Fluorobenzaldehyde 1.96» 2.02 + 0.06 
p-Chlorobenzaldehyde 2.03” 1.97 0.06 
p-Methylbenzaldehyde 3.30 3.00 +0.03 
p-Nitrobenzaldehyde 2.414 2.41 0.00 
Acetophenone 2.967 2.96 0.00 
p-Chloroacetophenone 2.40 2.30 0.03 
p-Methylacetophenone 3.23” 3.22 0.01 
p-Nitroacetophenone 3.29 3.22 0.07 


those of o-hydroxyacetophenone by pu... and 
yo, respectively. The second column of 
Table III shows the observed moments, 
HMobs., Of benzaldehyde, acetophenone and 
their derivatives in benzene solutions. 
The two components of the moment of 
benzaldehyde, mw:; and w,:, must satisfy the 
following five equations, since the dipole 
moment of fluorobenzene is 1.48 D, that of 
chlorobenzene 1.60 D, that of toluene 0.4 D, 
and that of nitrobenzene 4.0D in benzene 
solutions. 


fer.’ + pyr’ = (2.96)? 


(for benzaldehyde) (1) 
bri? + (y:— 1.48)? = (1.96) 
(for p-fluorobenzaldehyde) (2) 


fx’ + (fy: — 1.6)? = (2.03) 

(for p-chlorobenzaldehyde) (3) 
peri? + (yi + 0.4)? = (3.30)° 

(for p-methylbenzaldehyde) (4) 
beri? + (fy: — 4.0)? = (2.41) ” 

(for p-nitrobenzaldehyde) (5) 


The two components of acetophenone, yp, 


4) D. I. Coomber and J. R. Partington, J. Chem. Soc-., 
1938, 1444. 

5) N. J. Leonard and L. E. Sutton, 
Soc., 7O, 1564 (1948). 

6) J. N. Pearce and L.F. Berhenke, J. Phys. Chem., 
39, 1005 (1935). 

7) J. B. Bentley, K. B. Everard, R. J. B. Marsden 
and L. E. Sutton, J. Chem. Soc., 1949, 2963. 
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end p,., have to satisfy the following four 
aquations. 


fx2? + fty2? = (2.96)? 


(for acetophenone) (6) 
fex2” + (pty2—1.6) ? = (2.40)? 

(for p-chloroacetophenone) (7) 
fer2” + (fty2 +0.4)? = (3.23)? 

(for p-methylacetophenone) (8) 
foro? + (pty2— 4.0)? = (3.29)? 

(for p-nitroacetophenone) (9) 


It is known that the nitro group is not 
suitable for the treatment of vector sum- 
mation because it has a large mesomeric 
interaction with other substituents. But 
in this case, p-nitrobenzaldehyde was 
chosen because the interaction of the nitro 
group with the aldehyde group is smaller 
than those of halogens”. 

When these equations were _ solved 
graphically it was found that the circles 
intersect each other almost at a point as 
illustrated in Fig. 2 and Fig.3. Thus p,:, 
fyi, fxs and py. were determined as +1.8D, 
2.4D, +2.35D and 1.8D, respectively. Of 


# Be 
t 
‘ae | 








/ °° 
aes : ie 
| 

| 
benzaldehyde acetophenone 
Fig. 2 Fig. 3 


the double sign of. these values, the plus 
sign is reasonable. When these values 
were used for calculating the dipole 
moments of benzaldehyde, acetophenone 
and their derivatives, good agreements 
were found between the observed and 
calculated moments as shown in the third 
and fourth columns of Table III. 

The x- and y-components, /fri(calcd.) and 
My(calcd.)*, Of a hypothetical salicylaldehyde 
molecule having no intramolecular hydro- 
gen bond were calculated by the use of 
the components of the moment of ben- 
zaldehyde and those of the moment of 
phenol”. The values of pxt(calca.) and 
Myl(caled.) Were calculated to be —0.4D and 


* In this paper, the suffixes I and II attached to u 
refer to salicylaldehyde and o-hydroxyacetophenone, 
respectively. 


H H 
om Oo O me O 


he H “CH 
y 
Riess 
2.8D ca 2.9D ‘calc 
2.8D obs 2.9D ‘obs 
1-041 cate L.-1.1D cate 
+0.7 D -obs + 1.2 D ‘obs 
a b 
Fig. 4 
+2.8D, respectively. (See Fig. 4a). For 


the purpose of obtaining the x- and y- 
components of the dipole moment of a 
real salicylaldehyde molecule which has 
the intramolecular hydrogen bond, it is 
required to determine the components 
which satisfy the observed moments of 
salicylaldehyde, 4-chloro-2-hydroxybenzal- 
dehyde,  5-chloro-2-hydroxybenzaldehyde 
and 5-methyl-2-hydroxybenzaldehyde. 
These values, sxi(obs.) and pyrobs.), were 
determined to be +0.7D and +2.8D, re- 
spectively. As shown in Table IV, these 
two components give good agreement bet- 
ween the observed and calculated moments 
of the derivatives of salicylaldehyde. 


TABLE IV 
DIPOLE MOMENTS OF SALICYLALDEHYDE AND 
ITS DERIVATIVES IN BENZENE SOLUTIONS 


Compounds pobs.(D) sealced.(D) 4y(D) 
Salicylaldehyde 2.88% 2.89 ~9.01 
4-Chloro-2- os 9 : 

hydroxybenzaldehyde 2.31 6.0 —0.11 
5-Chloro-2- “ 2 9 
hydroxybenzaldehyde 1.37 1.39 +0.06 
ee 3.32 3.28 —0.04 


hydroxybenzaldehyde 


When the two components of salicylal- 
dehyde, wx(obs.) and pyz(obs.), are Compared 
with the calculated components, /x1(calcd.) 
and pxivcalcd.), it is found that the difference 
is 1.1D in the x-direction and 0.0 D in the 
y-direction. Presumably this difference is 
due mainly to the intramolecular hydrogen 
bond between the hydroxyl group and the 
carbonyl group, because it is greater than 
the errors inherent to the vector summa- 
tion, the errror being estimated to be with- 
in 0.1D for such molecules as given in 
Table III and Table IV of the previous 
paper? and in Table III of the present 
paper. If it is assumed from the con- 
sideration of the inaccuracy of the present 
method of approximation that pw, is 1.75~ 
1.9D and py, is 2.3~2.5D instead of p= 


8) B.C. Curran, J. Am. Chem. Soc., 67, 1835 (1945). 


eee eee 


— 
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1.8D and by —p we iN it is found that xi (caled.) 
and My1(caled.) are —0.3~—0.5D and 2.7~ 
2.8D, respectively. The difference turns 
out to be 1.0~1.2D in the x-direction and 
0.0~0.1D in the y-direction. The conclu- 
sion is unaltered that the difference is 
great in the x-direction whereas there is 
little difference in the y-direction. 

The dipole moment of o-hydroxyaceto- 
phenone can be discussed in a similar way. 
The calculated components of o-hydroxy- 
acetophenone, which were assumed to be 
those of a hypothetical molecule having 
no hydrogen bond, were obtained from the 
components of phenol and the aforemen- 


tioned x- and y-components of aceto- 
phenone, “,. and py. They are -—1.1D 
for Mx11(caled.) and +2.9 D for pyrccaica.). (See 


Fig. 4b). The components of the dipole 
moment of a real o-hydroxyacetophenone 
molecule are those satisfying the observed 
moments 3.16D% of o-hydroxyaceto- 
phenone and 1.79D of 5-chloro-2-hydroxy- 
acetophenone. They are determined to be 
+1.2D for pexy(obs. and 2.9D for /y11(obs.) 
as shown in Fig. 4(b). The sign of per1(obs.) 
can be determined to be plus in analogy 
to salicylaldehyde. When these com- 
ponents, fx.1(obs.) ANd fyr1(obs.), are Compared 
with perir(caled.) ANd fyr(caled.) TESpectively, 
the difference is 2.3D in the x-direction 
and 0.0 Din the y-direction. That is to say, 
there is a large difference only in the x- 
direction, which is definitely beyond the er- 
rors attributable to the vector summation. 
In the same manner as in salicylaldehyde, 
it will be necessary to make allowance for 
the degree of inaccuracy in wr» and py. 
If it is assumed that pu.» is 2.35~2.4D and 
fs» is 1.75~1.8D, the calculated com- 
ponents of the hypothetical molecule having 
no hydrogen bond are —1.1~--1.2D for 
/xil(calcd.) and 2.9~3.0D for FV y11(calcd.)- 
Therefore, the difference is 2.3~2.4D in 
the x-direction and 0.0~0.1 D in the y-direc- 
tion. Again the difference is great only 
in the x-direction. 

The results mentioned above show that 
the charge migrations caused by the intra- 
molecular hydrogen bond are from the 
hydroxyl oxygen to the carbonyl oxygen 
and their magnitudes are about 1.1D in 
salicylaldehyde and about 2.3D in o-hy- 
droxyacetophenone. On the basis of the 
fact that the charge migration is caused 
mainly in the x-direction and is almost 
zero in the y-direction for the compounds 
in question, it is concluded that the 
contribution of the resonance structure 


‘and 1.79D, respectively. 


shown in Fig. 5 is increased greatly and 
that its degree is about 10 to 20%. It is 


+ att. 
Oo —O7 


|] | 


ZC 
“ 
R( R=H,CH,) 
\ 


Fig. 5 


very interesting that there is a remarkable 
difference between the magnitude of sali- 
cylaldehyde and that of o-hydroxyaceto- 
phenone. Anyway, it should be emphasized 
that the charge migration in the x-direc- 
tion is great, or in other words, that the 
contribution of the resonance structure 
as shown in Fig. 5 due to the intramo- 
lecular hydrogen bond is indubitable. 


Summary 


Dipole moments of 4-chloro-2-hydroxy- 
benzaldehyde, 5-chloro-2-hydroxybenzal- 
dehyde, 5-methyl-2-hydroxybenzaldehyde, 
p-chloroacetophenone, p-nitroacetophenone 
and 5-chloro-2-hydroxyacetophenone were 
measured in benzene solutions. Their 
values are 2.31 D, 1.37 D, 3.32 D, 2.40D, 3.29D 
The components 
of the dipole moments of salicylaldehyde 
and o-hydroxyacetophenone, which were 
evaluated from the components of the mo- 
ments of phenol, benzaldehyde and aceto- 
phenone, do not agree at all with the 
components that satisfy the observed mo- 
ments of salicylaldehyde and o-hydroxy- 
acetophenone and their derivatives. The 
magnitudes of the discrepancies are about 
1.1D in the x-direction for salicylaldehyde, 
about 2.3 Din the x-direction for o-hydroxy- 
acetophenone, and almost 0.0D in the y- 
direction for both compounds. It was 
concluded that the charge migration was 
caused from the hydroxyl oxygen to the 
carbonyl oxygen by the intramolecular 
hydrogen bonding. 
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Introduction 


The electronic structure and the spec- 
trum of p-benzoquinone have been studied 
by many workers. Evans et al.” as well 
as Basu” have discussed the oxidation- 
reduction potential of this molecule with 
reference to z-electron structure. Absorp- 
tion spectrum in vapor phase was studied 
by Light* and Seshan” and _ solution- 
spectrum data are also available”. Fixl 
and Schauenstein, whose paper we can 
see in only a brief abstract form’, studied 
the absorption spectrum of the f-benzo- 
quinone crystal using the polarized light 
and showed that in the region of 23,000- 
cm (ca. 4,500A) absorption band this 
molecule absorbs the light polarized along 
the long axis more intensely than the light 
polarized along the short axis. Recently, 
Sidman” has also investigated the p-benzo- 
quinone crystal in wider wavelength region 
than Fix] and Schauenstein and arrived at 
the conclusion concerning the direction of 
polarization opposed to that of Fixl and 
Schauenstein. From the solvent effect of 
the absorption spectrum, McConnell as 
well as Nagakura and Kuboyama” con- 
cluded that the absorption near 4,500 A was 
due to an u-z transition while the absorp- 
tion around 3,000A was due to a z-z 


* Department of Chemistry, College of General Educa- 
tion, Ootsubo machi, Fukuoka. 

T. A. is greatly indebted to the Dean of the Faculty 
of Science and Professor S. Imanishi for permitting him 
to continue his work at’ the Faculty. 

** Present adress : The Central Research Laboratory, 
Toyo Rayon Co., Ltd., Ootsu. 

1) M. G. Evans, Trans. Faraday Soc., 42, 113 (1946); 
M. G. Evans, J. Gergely and J. de Heer, ibid., 45, 312 
(1949). 

2) S. Basu, ibid., 52, 6 (1956). 

3) L. Light, Z. physik. Chem., 122, 414 (1926). 

4) P. K. Seshan, Proc. Indian Acad. Sci., 3A, 172 
(1926). For earlier works see refererce cited there. 

5) Collected in Landolt-Bérnstein, ‘‘ Zahlenwerte und 
Funktionen” Springer, Berlin, (1951), Vol. I, Part 3, 
Molekeln II . See especially Fig. 263 on p. 307. 

6) J. O. Fixl and E. Schauenstein, Monatsh., 81, 
598 (1950): C A., 45, 4136f (1951). 

7) J. W. Sidman, J. Am. Chem. Soc., 78, 2363 (1956). 

8) H. McConnell, J. Chem. Phys., 20, 700 (1952). 


transition. Nagakura and Kuboyama 
have also calculated the electonic structure 
of this molecule using the naive empirical 
molecular orbital(MO) method based on 
the one-electron approximation. 

On the other hand the semi-empirical 
MO method proposed by Pariser and Parr’ 
has been applied by various authors''~' 
to the elucidation of the z-electronic 
structures and spectra of conjugated 
hydrocarbons and heteromolecules and 
has proved to be very useful. Kon’ has 
calculated the electronic states of p-benzo- 
quinone combining this method with the 
self-consistent field method of Roothaan'”. 
In these previous works only the 7z-elect- 
rons have been taken explicitly into the 
electronic interaction term in the Hamil- 
tonian and the _ so-called non-bonding 
electrons (nz-electrons) localized at the 
heteroatoms, in the case of the hetero- 
molecules, have been considered im- 
plicitly in the core. Therefore, no infor- 
mation about the excited states of the 
heteromolecules due to the excitation of 
n-electrons have been obtained. Thus, in 
spite of the usefulness of Pariser and 
Parr’s method in explaining the 7z-ele- 
ctronic structure of conjugated molecules, 
there has been no attempt to apply this 
method to the problems of the excitation 
of z-electrons. 

In the present series of papers, both the 
theoretical and the experimental studies 
in the electronic states of p-benzoquinone 
will be reported. As the first part of this 
series, the calculation of energy levels of 
this molecule by the semi-empirical MO 
method due to Pariser and Parr will be- 


9) S. Nagakura and A. Kuboyama, J. Chem. Soc. 
Japan (Pure Chem. Sect.), 74, 499 (1953), and J. Am 
Chem. Soc., 76, 1003 (1954). 

10) (a) R. Pariser and R. G. Parr, J. Chem. Phys., 
21, 466 (1953). 

(bh) R. Pariser and R. G. Parr, J. Chem. Phys.. 
21, 767 (1953). 

11) R. Pariser, J. Chem. Phys., 24, 250 (1956). 

12) C. M. Moser, J. Chem. Soc., 1954, 3455. 

13) H. Kon, This Bulletin, 28, 275 (1955). 

14) C. C. J. Roothaan, Rev. Modern Phys., 23, 69 
(1951). 
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given taking account of the z-electrons 
explicitly as well as z-electrons into the 
electronic interaction term in the Hamil- 
tonian. 


Outline of the Theory!» 


In our approximation the Hamiltonian 
operator will be expressed in the form 


H= Heore+ (1/2) pS (e | 9:3) (1) 
tJ 


where e’/7; is the electrostatic repulsion 
between electrons 7 and j, and 


Heore= > Heore (t), (2) 
where 
Heore(t) = T(t) + Ucore (i), (3) 


in which T(z) is the kinetic energy operator 
for electron z and Ucore(Z) is the potential 
energy operator for this electron in the 
field of the core. It should be noted that 
the #-electrons are considered explicitly 
apart from the core; i. e., and j denote 
any one of z- or z-electrons. 


l4a) Note added in proof In the case of p-benzo- 
quinone for which the application of the theory is in- 
tended in the present paper, descriptions concerning the 
integral of the type (pp | q"q") in the present and the 
following sections are correct only when both pf and q 
lie on the y-axis (Fig. 1). When /p refers to a carbon 
atom which is not on the y-axis and q refers to an 
oxygen atom (pp |q”"q") may be expressed as 
(pp | a"q") =cos? 6(pp | a@q#)+sin? 0(pp | aa”), (P1) 
where ~ is the 2pa AO of atom p and q” is the 2p AO 
of atom q nodal plane of which is perpendicular to the 
molecular plane and containing the y-axis. g* and q7% 
represent 2p AO’s of atom q whose nodal planes are per- 
pendicular to the molecular plane and containing and 
perpendicular to the fq-direction, respectively. @ is an 
angle between pq-direction and the y-axis. It may be 
clear that it is for (pp | g@q*) in Eq. (P1) that the ex- 
trapolation formula presented in this paper (see especial- 
ly Eq. (17)) applies. For (pp|q%q") it can be shown 
that following extrapolation formula applies from a 
similar reasoning as that used by Pariser and Parr (ref. 
10b) for (pp \ gq): 
wp |} a7a7)— (1/2) (bP | 07h”) +(aa | a7 a7)} 
=a''r?+b''r. (P2) 
One-center integrals (pp|p7H7) and (gq|q7q7) are 
identical with (pp | *p*) and (4¢q ‘| q*q*), respectively. 
If a’’ and b’’ are determined from values of one-center 
integrals derived from atomic spectral data and the 
theoretical values of (pp |qa°%q7) at 2.80 and 4.14A Eq. 
(P2) becomes 
(pp |@7@7) (in ev) 
= 11.23—2.815897+0.22781577, (P3) 
where r is m A. We use Eq. (P3) in obtaining (pp| 
44°) when rp,<2.80A and when r,,>2.80A we use 
theoretical value for (Pp | @°%q7). Thus. using the mole- 
cular dimension shown in Fig. 2, it tollows that 
(C’;C’; | O" ,O",) =5.691 ev, 
(C’2C’2 | O" 0" ;)=3.958 ev. 
These values should be used instead of those included 
in Table III. Fortunately, the changes in the value of 
these integrals over AO’s are small. Moreover, it can 
be shown that such a change does not affect the energies 
of those configurations which are produced by “ pure 
*—* transitions” from the ground configuration when 
the energy of the ground configuration is taken as the 
reference. Even in the other cases changes of the con- 
figuraticnal energies amount only to a few thousandths 
which are within the computational errors. Therefore, 
corrections of Fig. 3 may be unnecessary. 
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The MO ¢; will be taken to be the 
orthonormal linear combination of atomic 
orbitals X» on the several nuclei: 

G:=5 CipX >. (4) 

As we are considering m-electrons as 
well as z-electrons it will be convenie. 
to distinguish between z-atomic orbital 
(AO) and the so-called non-bonding orbital 
(z-orbital). The former is one of 2f-AOQ’s 
and has its node in the molecular plane 
and is represented by X%» without super- 
script. In the case of the p-benzoquinone 
molecule each z-orbital is the 2-orbital 
of the oxygen atom, the node of which is 
in a plane perpendicular to the molecular 
plane and containing the C-O axis. These 


n-orbitals will be represented by X” with 


a superscript . Subscript p denotes the 
atom to which the AO X, refers. Neglect- 
ing formally the differential overlap, the 
configurational energies and the interac- 
tion matrix elements among different con- 
figurations are expressible in terms of the 
core integrals over AO’s and the coulomb 
interaction integrals over AO’s of the 
following form: 


(pp | aq) 
f[feDxr@ (e? /712.) * (2) Xq(2) dvidv., 
(5) 
and 
(pp | 9"q") 
= [ [XE Ox D (C7) x7" DAG dodo. 
(6) 


The evaluation of the integral of the 
type (5) has been discussed by Pariser 
and Parr’. We shall describe the method 
for evaluation of the latter type of inte- 
grals. If the distance between pf and g is 
fairly great, (pp | q"q") will be evaluated 
fairly correctly using the Slater AQO’s as 
y’s. If p and q are close to each other, 


15) The following abbreviations are used : 


ay Det ((% ya) !(% 8)? (xpa)9(xg8)*) 


= 1/41? (Xp) *(% QB) a)! (x7 B)! 
2 2¢x%" 2¢%" 2 
(% pau)? (% B) (*@) ( Ai 


n 374” 
(% par)? (%q BPH) (x08) 
i “ » 8.5 
(% pau) * (Xo B)*(% pau) * (0 B)* 
where a and 8 are the usual spin functions and should 
not be confused with the similar symbols for the core 
integrals. Superscript i (?=1,2,3,4) indicates that the 
variable in the spin orbital function to which j refers is 
the coordinate of the i-th electron. 
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(pp | q"q") must be extrapolated using 
atomic data just as for (pp | qq). 

Let us consider a four-electron double 
a-bond between atoms p and q. The 
covalent structure with two good bonds is 
expressed as a superposition of the follow- 
ing wave functions'”: 


@, = (4!)~*Det{ (ype)! (eB)? @) (XB) 4} 
= (4!) ~*Det{ (ypa@) (YB)? 0% BD? (Va) *} 
@,= (4!)~*Det{ (yp8)! (ya)? @&) 2 (YB) +} 
@,= (4!) ~*Det{ (WB)! (va)? 0 BY? a) *} 
(7) 
While the singly ionic structure with unit 
positive charge on atom q and with a single 


covalent bond is described in terms of the 
following functions: 


= (4!) ~*Det{ Qa)! (WB)? Oh a)? GB) 
@,= (4!) ~2Det{ (98)! Qa)? (a)? EB) 
= (4!) ~*Det{ (ype)! (YpB)? (VR)? (XB) *} 


cb. = (4!) ~*Det{ (yp) (pB)? O04 BY? Qa) *} 
(8) 
the reversed singly ionic structure with 
unit positive charge on atom f and not on 
q is described by the following functions: 
<p, = (4 !)~*Det{ (Xp@)' (XaPR)? OT a)? OG B)*} 
P= (4!) ~*Det { (YB)! Qa)? @) (38) 3 
,, = (4!) Det { (va)! (Ye)? (WR)? 4 B)*} 


P,,= (4!) ~Det{ (Ya)! (eB)? WB)? a) +} 


(9) 
On the other hand 
P,,= (4!) ~4Det { (yp)! (p8)? (i) (V2 B)*} 
and ; 
,,= (4!) ~*Det{ (yet)! (X98)? (1 @) * (XB) *} 
(10) 


represent doubly ionic structures p-~q 
and p q~ , respectively. 


In Eqs. (7)—(10) Xp, ¥o,X¥p and y) are ‘‘z- 


orbitals’’ of atoms pg and gq, the nodal 
planes of ¥, and xy, being perpendicular to 


those of x; and yj. Since in this system 





7 


4 
H= S Hoore (i) + (1/2) = (e*/ 7:3), 
i=1 ¥ 


=i 


fe (1) Heore (1) Xr (1) dv, 


= Vs") Heore (1) Xj (1) dv. =a», 
and 


[xs 1) Heore (1) Xq (1) dv, 


= [x7* A) Heore (1) x5 (1) dv =a, 
the matrix elements for the determination 
of the energy are 
H.,,1 =A, 2= H3,3=H;,45=2A,+2a, 
+2(pp | gq) +2(pp | q"q") 
+ (pp | p"b") + (aq | gq") 
(1/2) (pp" | bp") — (1/2) (qq" | aq") 
(pq" | pq") 
H;,3;=H,«=H,;,;=H:, 
+ (pp | aq) + (bp | pp) +2 (bp | p"b") 
+2(pp | q"q")— (pp" | pp") 
(pq" | pq") » AY 
His ,5=Aio510 = Aiiy11 = M2512 =Ap +3, 
+ (pp | gq) + (aq | gq) +2 (bp | g"q") 
+2(qq | qq") — (bq" | pa") 
(qq" | qq") 
H13,13= 40.5 +2 (pp | pp) +4 (pp | p"p") 
—2(pp" | pp") 
Hii4,:15=4Q,4+2 (qq | qq) +4(aq | g"q") 
2(qq" | 4q") 


where Hi,i= [ DFHP dv. 


3A pty 


From these equations one obtains 
(1/2) (As,s+Ho,9) —M,: 
= (1/2) { (pp | pb) + (aq | gq) }— (pp | gq). 


(12) 


The left-hand side of this equation 
should become zero when 7,,-»0. Therefore, 
the right-hand side of (12) may be repre- 
sented as follows: 


(pp | qq) —- (1/2) { (pp | pp) 
+ (qq | qq)}=ar'+br. (13) 


This equation is identical with that 
obtained by Pariser and Parr'” and may 
be used for the determination of (pp | qq) 
at moderate internuclear distances using 
the values of one-center integrals obtained 
from atomic data and (pp|qq)-values at 
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large internuclear distances calculated 
theoretically. 


Moreover, one obtains from (11) 
(Hy2,13 + Ais,14) —2Mh,:=1{2 (pp | pp) 
+2(qq | 4q) -4(bp | 9q)}+12(pp | p"d") 
+2(qq | 9"q") 4 (pp | 9"q")} 
2(pq" | pq") — (pp" | pp") -- (aq" | aq") }. 
(14) 
Let us consider the case where 7),=0. In 
this case, it holds that'™ 
(pq" | pq") = (pp" | aq”). (14’) 
Therefore the right-hand side of (14) 


becomes 
(3/2){2(pp | aq) — (bp | pp) — (aq | aq) } 


(5/2) {2(pp | q"q") — (bp | p"b") 

(qq | q"q")}, (15) 
where the following relation which holds 
among integrals over Slater AO’s was 
used: 


2(pp”" | aq") = (bp | aq) — (bp | g"q”"). (16) 
Since from (12) the first term of (15) 
becomes zero when 7,,=0, the second term 
of (15) should also be zero in this case, 
because the left-hand side of (14) becomes 
zero. Therefore, the approximate analyti- 
cal expression of the following form may 
apply for the expression in the second 
bracket of (15): 


(pp | q’q") ¥ (1/2) { (pp | p"p") 
+(qq | q"Q")'!=ar+b'r. (17) 


15a) Using Slater AO’s it can be shown that this 
equality holds accurately only when Z, and Z, (the effec- 
tive nuclear charges) are equal to each other. More 


generally we obtain when T pq 
t 


(pq’ bq") —( pp" qq") 4 1 2» Z, 
q pa bt 14 eitien J is (4 #) 
og 


(pq" | pa") (9 4\Z Z » 
1/25 2%)) 

+2-(—+—) ' (N 1) 
36 Zz Z3/) 


if we use Slater AO’s and we assume that the effective 


nuclear charge for %p is equal to that for x5 and the 


same applies to X, and xo If Z,=Z, the right-hand 


side of (N 1) becomes zero, therefore (fqg"| fq") is 
exactly equal to (pp" | qq”) as stated above. It is true 
that in the heteropolar case (Z,*Z,) the right-hand 
side of (N 1) is not equal to zero, but it is nearly equal 
to zero. For example, if we take the carbon and fluorine 
atoms as f and q, respectively, the right-hand side of 
(N 1) becomes —0.0827, using Zc=3.25 and Zp=5.20. This 
is an extremely heteropolar case and the right-hand side 
of (N 1) is usually much smaller. Moreover, in the 
right-hand side of (14) (pp”" | pp”) is much smaller than 
either (pp | pp) or (pp | p"p"), (aq” | aq”) is much smaller 
than either (gq|qq) or (aq\q"q") and (pq" | pq")= 
(pp” |aq") is much smaller than either (pp| qq) or 


(pp | a"q"). Therefore the use of (14’) does not bring 
any serious errors in the arguments for the validity of 


(17). 
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Equation (17) may be used to determine 
(pp | g"q") in just the same way as (13) 
was used for (fp | qq). 


Evaluation of the Coulomb 
Integrals Over AO’s 


In order to calculate the integrals which 
are needed in the calculation of the energy 
levels of f-benzoquinone from Eqs. (13) 
and (17), one-center integrals of the type 
(pp | pp) and (pp | p"p") must be evaluated, 
where pf denotes the carbon or the oxygen 
atoms. The values of these integrals for 
the oxygen atom were taken from Fumi 
and Parr’s paper’, where these were 
obtained from the analysis of the atomic 
spectral data. 

One-center integrals over carbon atomic 
orbitals were determined from an analysis 
of the valence states of C,C and C~. 
The energies of these valence states were 
obtained by Skinner and Pritchard'” from 
the Mulliken-type treatment of the atomic 
spectral data. The location of these 
valence states in energy is given in Table 
I, taking the ground state of the neutral 
carbon atom as reference. 


TABLE I 
ENERGIES OF SOME OF THE SPECTROSCOPIC 


AND VALENCE STATES OF C,C* AND C~ (eV.) 
State Energy@ 
C*(syz, V3) 19.68 
C*(s*p, *P) 11.26 
C(sxyz, Vs) 8.14 
C-(sx*yz, V3) 7.68 
C(s*p?, 3P) 0.00 
C-(s*p3, 4S) —1.7 


a) The figures in this column were ob- 
tained from energies of valence states, ioni- 
zation potentials and electron affinities listed 
in reference 17 in text taking the ground 
state of the neutral carbon atom as zero. 


Let us consider the following equation 
relating the theoretical and the experi- 
mental energy change for the dissociation 
process: 


2C (sxyz, Vs) >C' (syz, V3) + C7 (sx’yz, Vs) 
JE= (pp | pp) =11.08 eV., (18) 


where the ‘‘ experimental side ’’’ was taken 
from Table I. On the other hand, the 
following equation holds: 


(pp" | pp”) =3G), 
where G, is the Slater-Condon parameter, 


16) F. G. Fumi and R. G. Parr, J. Chem. Phys., 
21, 1864 (1953). 

17) H. A. Skinner and H. O. 
Faraday Soc., 49, 1254 (1953). 


Pritchard, Trans. 
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TABLE II 


MOLECULAR ORBITALS AND ORBITAL ENERGIES OF ~p-BENZOQUINONE 
(Orbital energies are in units of BCC benzene) 


$1 (Bix) =0.47584 (Zo, + X02) +0.38010(%c, + %co) +0. 25406 (Xcy" + Xe’ +%ey""+%e2") —&, = 6.259 
¢2(Bsg) =0.60166 (40, — X02) + 0.34963 (%c, — %cz) +0.08877 (%c," — cq! + %ey""— Xe") e=6.041 
$3(Biy) =0.47112 (40, + %02) — 0. 10035 (%c, + Xe) — 0.36604 (%cy" + % cq! + Xey!" + Xcg"") e3;=5.247 
4( Bog) 0.50000 (%c,' + %cq' — %c,"'— Xe") &4=9.02 
$5(B3z) =0.35339 (40, — 402) — 0.46481 (%c, — %cg) — 0.28202 (Xcy! — %co' + %ey"!— Xo") e5=4.145 
$¢(Biy) =0.22730 (Xo, + 202) — 0.58775 (Xe + Xz) + 0.22680 (%c,' + Xe! + Xe," + £c9"") &5= 2.874 
$7(Au) 0.50000 (%c,' — 2c’ — %c,'' + %cg"") e;=2.78 
$3 (Bg) =0.11470 (40; — 402) — 0.40212 (4c, — Xe) + 0.40320 (%c,'— Xc0' + %ey"'— 42") e,=1.954 
ni (Bu) = (1/,/ 2) (401" + X03") ni = 5.46" 
Pn2( Big) = (1/,/ 2 ) (401" — 402") Enz = 9.46 


a) The electronegativities of the carbon and the oxygen atoms are 2.5 and 3.5, respectively 
(L. Pauling, ‘‘ The Nature of the Chemical Bond’’, Corronell University Press, Ithaca, New 
York (1940), p. 64). From this the coulomb integral at the oxygen atom is found to be 5.46 
BCC benzene (see ref. 22 in text), which is taken as the value of the orbital energy of ¢,, and 
¢ne Since the resonance integrals between two oxygen atoms is expected to be small. 


the value of which is determined to be 


1,665cm~' by Skinner and Pritchard'” Aguas to Seeehensegeinens 


from the least square treatment of the In order to apply the present method 
energy levels of the carbon atom. Thus, toa particular molecule, MO’s must be 
one obtains expressed linearly in terms of AO’s. As , 
we are neglecting the configuration inter- 
(pp" | pp") =0.619 eV. (19) action, the choice of the MO’s may be 


important. From the results of previous 
works on hydrocarbons the recommended 
MO to be used is that which is self-con- 
(pp | pp”) =9.84 eV. sistent for the ground state or that which 

' ’ is derived from the naive Hiickel-type 

All the coulomb integrals over AO’s treatment, For simplicity we use the 
>a ay ae one Pe 2.0 4 — Roo- latter type of MO. Of course, in contrast 
t “oe ° iat " .. es pg segs with the case of hydrocarbons, in the case 
nuclear charge of s.co and 4.oo for the oF heteromolecules such as p-benzoquin- 
carbon and oxygen atoms, respectively. one these MO’s will be dependent on the 
For Tpq<2.80 A, they were obtained from seen values of a’s and @’s’>. The 
Eqs. (13) and (17) in which the coefficients @, —cajculation of the orbital coefficient was 
b, a’ and 6' were obtained from the one- ade using the assumptions described 
center integral values obtained above and elsewhere>. The MO’s thus obtained are 
theoretically-calculated (pp |4q)- and shown in Table II where the designation 
(pp | q"q")- values at 7pq=2.80 and 4.14A. oF the atoms given in Fig. 1 are used. 
Thus the following formulas were ob- phe designation of the coordinate axes is 


From (18) and (19) and using (16) one 
obtains 


tained : also given in the figure. Then, the sym- 
(CC | OO) =12.80-—3.8837 r+-0.39142 7° metry notations are the same as those 
ci - anil given by Herzberg*’. In Table II the 
(CC | O"0") =11.23-—2.9506 7+0.25760 7°, orbital energies are also listed in units of | 
CC | C’'C’)*%=11.08—2.9226 x Bcc benzene”. 
+.0.26203 r2 Coulomb integrals over AO’s were deter- 


mined as described above and are shown 
(20) in Table III, the values of the internuclear 


e e ” ‘a i i j 7 5 
where 7 is the internuclear distance in A ‘iStances used being shown in Fig. 2. 








and the values of the integrals may be 21) a’s and #’s mentioned here are the coulomb and 
obtained in eV. the resonance integrals used in the naive MO method and 
should not be confused with the core integrals in ‘ 
Pariser and Parr’s scheme. 
18) C. C. J. Roothaan, J. Chem. Phys., 19, 1445 22) T. Anno and A. Sad6, This Bulletin, 28, 350 
(1951). (1955). 
19) See Appendix I. 23) G. Herzberg, ‘Infrared and Raman Spectra of we 
20) C’ denotes the carbon atom different from that Polyatomic Molecules”, D. Van Nostrand Co., New tic 


which is represented by C. York (1945), p. 108. 
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Fig. 1. Designation of the atoms and the 
coordinate axes in p-benzoquinone. 


a 
|1.23A 


Cc . 
4 >> 150A 
a8 16S 
Cer re 
132A 


Cc. c 
a 


| 
Oo 


Fig. 2. Internuclear distances and bond 
angles in p-benzoquinone®?). 


a) S. M. Swingle, J. Am. Chem. Soc., %, 
1409 (1954). 


TABLE III 


THE VALUES OF THE VALENCE-STATE IONIZATION 
POTENTIAL4) AND THE COULOMB INTERACTION 
INTEGRALS OVER AO’sb) (eV). 


we, 11.54 (CC | O70")e) 
wo | 17.21 roo=1.23A = 7.991 
We, 14.75 2.391 5.648 
(CC | C'C’) 3.5785 3.949 
rec'=0 A 11.08 (OO | O'O') 
1.32 7.679 roo'-0 A 14.52 
1.50 7.286 5.370 2.667 
2.468 5.463 (00/0'0") 
2.544 5.341 roo'=0 A 12.62 
2.866 4.846 5.370 2.666 
CC | OO) 
roo=1.23A 8.615 
2.391 5.752 
3.5785 3.951 
4.140 3.430 


a) Taken from reference 17 in text. 

b) For r<2.80A the values are obtained 
from Eq. (20). For r>2.80A calculated 
values using Slater AO’s with Z-=3.25 and 
Zo=4.55 are given. One-center integrals 
are obtained from the analysis of atomic 
spectral data. 

c) Note added in proof—See footnote 14a. 


The values of the core integrals a’s 


were calculated from the following equa- 
tion: 
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ac, = [ X€, (1) Hoore (1) Xe, (I) dv 


= —WS.—2(C:C, | O,"0,") 
—2(C,C; | O"0.") — (C,C; | 0,0)) 
—(CC; | 0,0.) —2(C,C; | C:'C,") 
—~2CC; | C,'C.9—-CL, |CLD 
—(O, : C,C:) —(, : CiC,) 
-2(C,' : C:C,) —2(C2' : CiC,) 
—(C,:C,C)), 
acy = fX%,, AQ) Heore (1) Xe,’ (1) do; 
=— WS,-2(C,'C,' | 0,0") 
—2(C,'C;' | 0."0.") —(C'C,' | 0,0,) 
—(C;'C,' | 0.0.) —(Ci'Cy' | CiC,) 
—(C,'C,' | C2'C2’) —(C,'C,' | CC.) 
(C1’Cy" | ("C1") —(Cy'Cy! | CC.) 
-(O; : Cy'Ci') — (Oz : Ci'Ci') 
—(Ci : C'C,)—(Ce’ : Cr’Cy’) 
(C2 : Ci'Ci') — (Cr : Cr'C') 
—(C,'' : C,'C;’), 


ato, = [X$, 1) Heore (1) Xo, (1) do, 


—W23,—2(0,0; | 0,"0,") 
—2(O,0,; | O."O.") —(O,0; | 0.0.) 
(0,0; | C:C:) — (O10, | C.C2) 
—2(0,0, | C,'C,') —2(0,0,; | C.’C.’) 
—(O, : 0,0,) —(C; : 0,0)) 
—(C, : O,0,) —2(C,’ : 0,0,) 
—2(C.’ : O,0;), 
a, = [ XG; 1) Heore (1) XG, A) dor 
=— WS;,— (0,"0," | 0,"0,") 
—2(0,"0," | O."0.") — (O;"0," | 0,0,) 
—(0,"0," | O02) — (O,"0," | C:C;) 
(O,"0," | CoC») —2(0,"0," | Ci’Cr’) 
—2(O,"0," | C2’C2”) — (O» : O:"0,") 
-(C; : O1"0,") — (C, : O1"04") 
—2(C,’ : O,"0,") --2(C2'’ : O.%0;"), 
where W%,, and W%,, are the valence state 


ionization potentials of a z-electron and 
n-electron at atom q, respectively. These 
values of ionization potentials were obtai- 
ned from Skinner and Pritchard’s paper'” 
and are also listed in Table III. (q: pp) is 
the coulomb penetration integral and is 
defined by 
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(q : pp) =~ [Us @)XF@)X, (A) do:, 


where U,(1) is the potential due to neutral 
atom q. Penetration integrals were neglect- 
ed throughout except when f and q refer to 
the nearest neighbors with each other. 
When pf and q are the nearest neighbors, 
the values of this type of integrals were 
calculated theoretically’. 

Pr was neglected except in the case 
where p refers to the nearest neighbor with 
q. When p and gq refer to the nearest 
neighbors with each other, 8», may be 
determined semi-empirically. Kon'’ gavea 
functional form for $cc and Peco with 
respect to the internuclear distance defined 
in such a way as to fit the calculated 
energy levels with experiment. Although 
the theoretical representation of (*» is 
slightly different depending on whether 
the m-electrons are considered explicitly 
or not, in our calculation (’s were cal- 


9.895 Byg(4-8 


— 9.740 Big(1-7 
919 (16 . 
9.135 “s Pd 8.999 Byy(2-7 
8.663 Boy (3°8 8.951 Big(4-8) 
8.656 Bay (4-7 8.462 Au,Bogin,-8in2*8) 
8.486 Au, Bog(n,-8Xin,-8 B442Agil) 
8.117 B,y(3°8 
7 988 Boy (2-6) 
7.759 B,,, (4°6 
7.468 By, (1-5) 
7 ~ 7.232 Byy(2-6 
7.033 Byg4 3-7 ___ 6,930 By. Bag(n 9-7), >7 
6.930 Biy. Bag (0, *7ny*7 = 6.877B,,(4--6 
6.667 Ag (2-5! 6.708B.y(4-7 
— 6.390B,,(1-5) 
6.314 Ag (3 me ae = 
er 6.255B,g(3°7 
~ 6,003 Byy (3-5) 
5.432 Au.Bog(n,-6in,-6 — S480 Ag(3-6) 
5.360 Big (4-5 5.334 Au, Bog(ny*6iin,-6 
5.13— 5.065 Ag(2*5) 
— 4.898B,g(4-5) 


—— 3343 By,(3-5) 


——— 3.285 Au,Byg(nj-S)(n,°5 
3.047 Au, Byg(n,*5Xn,*5) 


2.68 


oer —_——0,000Ag 
= t Triplet 


Observed Calculated 


Fig. 3. Calculated and observed energy 

levels of p-benzoquinone. 

The figure on the right of each level is the 
energy interval (in eV.) above the ground 
state and is followed by species notation of 
the state. On the right of the species notation 
the difference of the electron configuration 
from the ground state is indicated; e. g., (m,— 
5) indicates that the participating configura- 
tion is produced from the ground configura- 
tion with the excitation of an electron from 
én, (see Table II) to ¢5. 


24) See Appendix II. 
25) See footnote 11 in reference 10a and references 
cited there. 
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culated from this formula, because it can 
be shown that @ is approximately the 
same in both cases using Mulliken’s 
approximation’ for integrals. 

Using the coulomb and core integrals 
over AO’s the integrals over MO’s are 
obtained from the MO’s in LCAO form 
enbodied in Table II as described above. 
Energies of various electronic states may 
be obtained in the usual manner. Tke 
state energies thus obtained are shown in 
Fig. 3 diagramatically, the energy of the 
ground configuration being taken as re- 
ference. Only the singly-excited states 
which lie within 10 eV. above the ground 
state are given and the effect of the con- 
figuration interaction was neglected. Two 
singlets which result from doubly-excited 
configurations lie within this energy region, 
i.e., at 8.506eV. (Au, Boy) and 7.495 eV. (Bi, 
B:,) above the ground state. It is to be 
noted that any one of Ax states is found 
to be degenerate with one of Bo, states. 
The same applies to By. and Bs, states. 
These degeneracies are accidental, so they 
are not exact but only approximate dege- 
neracy. However, it can be shown that 
they persist even after the effect of the 
configuration interaction is taken into 
account. 


Discussion 


The hexane solution of p-benzoquinone 
has three absorption regions in visible or 
the near ultraviolet ; these are Amax=2400 
A 6.13 eV., log Emax =4.2), Amax =2900A (4.25 
eV., log max =2.5) and Amax =4600A (2.68 eV.., 
log €max=1.2. The longest-wavelenth ab- 
sorption band was assigned to an u-7 
transition by McConnell’? and Nagakura 
and Kuboyama” from the solvent effect 
on this band. From the MO point of view 
and from the comparison of the spectral 
data of various molecules containing CO 
group, McMurry’” has also suggested this 
assignment. The shortest-wavelength one 
of the above mentioned absorptions has 
the extinction coefficient of 20,000, which 
shows that this absorption may be due to 
an allowed electronic transition. The 
remaining one is assigned to a 7-7 transi- 
tion from the solvent effect®*». The ex- 
tinction coefficient might suggest that this 
absorption would be due to an allowed 
electronic transition. The alternative 


26) R. S. Mulliken, ‘‘Report on Molecular Orbital 
Theory ”, 1947-8 and 1948-9 ONR Reports of the Physics 
Department Spectroscopic Laboratory of the Universit) 
of Chicago, Eqs. (63) and (154b). 

27) H. L. McMurry, J. Chem. Phys., 9, 241 (1941)- 


YQ©psvIere DY a i I a a 


oe 
} mena 


vis 
lea 


ir 
10 
S 





March, 1957] 


assignment for this absorption is that it 
may be due to a forbidden transition and 
the fairly large extinction coefficient of it 
might be due to the proximity of this 
absorption to an allowed electronic transi- 
tion. We prefer the latter assignment 
with some reservations. 

From the above argument the observed 
bands at 2.68 eV. and 5.13 eV. may be as- 
signed to the 'A,-»'A ,'B., (nearly degene- 
rate) and 'A->'B,, transitions, respecti- 
vely. It is to be noted that the theory 
indicates that two electronic transitions 
are involved in 2.68-eV. absorption. The 
remaining absorption band at 4.25 eV. may 
be correlated with the calculated values 
of 5.432 eV. or 5.360eV., both of which are 
predicted to correspond to _ forbidden 
transitions. As mentioned previously the 
solvent effect shows that this absorption 
may be due to a 2--z transition, so we 
correlate this absorption with the cal- 
culated value of 5.360 eV. rather than 
5.432 eV. 

One thing should be mentioned concern- 
ing the absorption spectrum of the p-benzo- 
quinone crystal. If the assignment pro- 
posed above is correct the electronic 
transition corresponding to the band at 
5.13 eV. is produced with the transition 
moment lying in the long-axis (axis con- 
necting two oxygen atoms) of the f-benzo- 
quinone molecule and it is interpreted 
that electronic transitions corresponding 
to 2.68- and 4.25-eV. bands are made 
allowed through the vibrational-electronic 
interaction with 5.13-eV. transition. This 
is consistent with the result of Fixl and 
Schauenstein? on the p-benzoquinone 
crystal, since they concluded that 2.68-eV. 
absorption is polarized along the long axis. 
However, recently Sidman” has also in- 
vestigated the p-benzoquinone crystal in 
a wider wavelength region than Fixl and 
Schauenstein and arrived at the opposite 
conclusion. Although, Sidman could not 
investigate the region around 5.13 eV., he 
inferred that this absorption is polarized 
along the short axis of the molecule and 
the excited state of this absorption has 
the symmetry of B. (in our notation) 
from the polarization experiment at 2.68- 
and 4.25-eV. absorption regions. Then, 
our assignment concerning the symmetry 
of the first allowed electronic transition 
of the p-benzoquinone molecule is appar- 
ently inconsistent with Sidman’s result. 

As for the absorptions appearing in the 
visible region Sidman” reported that at 
least three electronic transitions exist in 
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this region, all of which are m—v7 transi- 
tions. He assigned two of these transitions 
to singlet-singlet absorptions. These as- 
signments are in agreement with the 
present theory in the fact that there 
exists a pair of nearly degenerate elec- 
tronic states, transitions to which from 
the ground state lie in the visible region. 
The third absorption region found by 
Sidman” was very weak and lay in the 
longer wavelength region than the above- 
mentioned two absorptions, although the 
separation from these two absorptions was 
small. Sidman” assigned it to a singlet- 
triplet #—z transition. This is also con- 
sistent with the present calculation. 

In conclusion, although there are some 
inconsistencies between the theory and 
the experiments, the results of the present 
calculation are encouraging. The reason 
for the inconsistencies is not clear at 
present, since the configuration interaction 
is neglected on the theoretical side and 
the vibrational analysis and the polariza- 
tion experiments have not been completed 
on the experimental side. The oriented 
gas model as applied to the pure p-benzo- 
quinone crystal may lead us to false con- 


clusions’». 


Summary 


A semi-empirical MO method proposed 
by Pariser and Parr was extended, taking 
account of the non-bonding electrons at 
the heteroatoms explicitly as well as z- 
electrons. The electronic states of jp- 
benzoquinone were calculated neglecting 
configuration interactions. 
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Appendix I: Calculation of Coulomb 
Integrals over AO’s 


In the course of calculations reported in 
this paper we have calculated several 
coulomb integrals over Slater AO’s using 
Roothaan’s formula’. In Roothaan’s 
method coulomb integrals over AO’s are 
expressed in terms of “‘ basic integrals ”’. 


28) D. S. McClure, J. Chem. Phys., 22, 1668 (1954); 
24, 1 (1956). 
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TABLE IV 
THE VALUES OF BASIC COULOMB INTEGRALS (ATOMIC UNIT®?) 
(IV A) e: Carbon with effective nuclear charge of 3.25. 
b: Oxygen with effective nuclear charge of 4.55. 
r(A) [3S, | 3Ss] (3S, 3DE,] [3DE~e'3Ss]) [3BX-}3D2)] [3D4_ | 3D 45) 
1.1615 .2535 ~1b) 7.8303 1.7041 6.6494-4 7.5582 -4 
1.230 1.0761~! 7.5598 1.6203 -- 7.2766~4 6.3216 ~4 
2.391 y es Yk fe 2.0572 1.0449 2.0847 ~4 3.8425 
2.800 1.8902 -! 1.3002 9.5501 1.0276-4 .7620 
3.5785 1.4791-! 6.2514 -4 1.2253 3.1025 5.1797 
1.140 1.2785 ~! 1.0377 ~4 7.9141-4 1.4994 -5 2.4994 -§ 
(IV B) a, 6: Carbon with effective nuclear charge of 3.25. 
r(A) (3S, | 3Sp] (3S, | 3DZp] (3D, | 3DE)] [3D 4, | 3D4)) 
1.320 3.7291 -! 1.0619 5.7500~-4 7.5658 ~4 
1.500 3.3848 >! 9.5678 7.0566~4 5.0462 ~4 
2.468 2.1418°! 5. 5880 3.1092-4 6.3199 
2.544 2.0786-! 3.3044 2.7790-4 3.4652 
2.801 1.8898~! 2.52416 1.8879-4 3.4379 
2.866 1.8463 2.3594 1. 7060-4 3.0576 
2.910 1.8185"! 2.2574 1.5956 ~4 2.8365 
1.140 1.2785! 7.9133 ~4 2.9354 1.8986 
(IV C) e, b: Oxygen with effective nuclear charge of 4.55 
r(A) (3S, | 3S] (3S, | 3D (3D, | 3DS;] (3D 4, | 3D 41] 
5.370 9 8566 1.8502 2.0838 3.4730 
a) Atomic unit: energy in e*/ay—27.204 eV. 
b) 4.2535-! is the abbreviation of 4.2535 = 10 
c) Interpolated. 
We shall give here the values of these in which 7; is the distance between the 


basic integrals rather than the integrals 
over AO’s. These basic integrals give 
quickly the values of coulomb integrals 
over 2s or 2 AO’s of respective atoms 
using Roothaan’s formula. The results 
are shown in Table IV, the notations being 
the same as those used by Roothaan. 


Appendix II: Calculation of Coulomb 
Penetration Integrals 


The potential of electron 1 due to a 
neutral carbon atom Uc(1) is represented 
by 


Uc) =U) + | 2s¢ (2) |°(e'/7..) dv 


| 2pa¢ (3) |°(e?/71.) dv 


2pm (4) |° (e?/714) dv 


2p7 (5) |*° (e*/715) dus, (A 1) 
where U;. (1) is the potential due to carbon 
nucleus plus two ls electrons and is ap- 
proximated by 


Ut (D) =— (4e?/7e1), 


Qe 


carbon nucleus and the electron 1. 25¢, 
2poc, 2pm7c and 2p7¢ are the carbon AO’s 
2p7 and 27 are z-orbitals whose nodal 
planes are perpendicular to each other. 

On the other hand, the potential of 
electron 1 due to neutral oxygen atom 
U,() is represented by 


Ue) =U;' @) 2f 2s. (2) |? (e?/712) dv 
2p0 (3) |? (e?/713) dv 


| 2p7 (A) |? (e?/714) dv 


+2 | 2p7.(5) |°(e/r::)de,, (A2) 


where U/, (1) is the potential due to oxygen 
nucleus plus ls electrons and is approxt 
mated by 


ue (6e2/7o1), 


(1) =- 


the notations being analogous to those in 


(A 1). 
Therefore, coulomb pentration integrals 


are expressed as 


Vv 





2) 


en 
xi- 


als 
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[UcQ)XF (DX, A) da: 


=-—4(C | qq) + (2sc2sc | gq) 
+(2pac2pac | qq) + (2pmc2p7c | Gq) 
+ (2prrc2prre | qq) 

[Uo@XF() xe) do, 


(C : qq) 


(A3) 
(O : gq) 
6(O | gq) +2(2s.2s0 | gq) 
+2(2pa.2poo \ qq) + (2p702p7| Gq) 
+2(2pro2pr7e | qq) 


where X, is one of 2f-orbitals and 
(C | qq) [(e [rey A*¥ (1) X, (1) do;, 


(O | qq): [(e [%o1) A*¥ (1)X, C1) do;, 
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which may be obtained from literatures”. 
The remaining terms in the right-hand 
side of Eq. (A3) are coulomb integrals 
over 2s- or 2f-AO’s which may be obtained 
from the basic integrals as described in 
Appendix I. It is to be noted that in 
calculating the penetration integrals we 
have used theoretical values of these 
coulomb integrals in contrast with the 
case of the calculation of the electron 
interaction energy. This is because we 
have not obtained the values of coulomb 
integrals referring 2s- or 2p0-AO’s by the 
extrapolation using atomic spectral data. 
Department of Chemisty 
Faculty of Science, Kyushu 


University, Fukuoka 


29) H. J. Kopineck, Z. Naturforsch., 5A, 420 (1950) 


The Surface of Copper-Nickel Catalyst. I. The Reaction 
between Hydrogen Chloride and the Catalyst 


By Toyosaburo TAKEUCHI and Masakazu SAKAGUCHI 


(Received December 28, 1955) 


Much work has been done by many 
researchers on the structure of copper 
catalysts containing a small amount of 
nickel as a component of the catalyst, 
prepared from copper and nickel salts, 
but much remains unexplored. Emmett 
and Skau”, as the result of a study on 
hydrogenation of hydrocarbons, suggested 
that the nickel which was added to a 
copper catalyst might alter the crystal 
habit of copper, or collect preferentially 
on the surface of the powdery catalyst. 
From the results of measurements by 
Morris and Ross on magnetic suscepti- 
bility, Selwood” assumed that the surface 
of copper catalyst containing a small 
amount of nickel consists of microcrystals 
of pure nickel or of a nickel rich alloy. 
Recently, from a study by means of X-ray 
diffraction, Best and Russel* proposed 
that the catalyst should be an alloy. 

The present investigation was under- 


1) P. H. Emmett and N. Skau, J. Am. Chem. Soc., 
65, 1029 (1943). 

2) P. W. Selwood, ‘‘ Magnetochemistry,” Interscience 
Publishers, Inc., N. Y. (1943), p. 257. 

3) J. Best and W. W. Russel, J. Am. Chem. Soc., 
76, 838 (1954). 


taken to determine the state of the nickel 
which is contained in the catalyst — whe- 
ther it exists as an alloy, or as micro- 
crystals of pure nickel or as some other 
special form — by studying the reaction 
between hydrogen chloride and the cata- 
lyst, and also by the use of an electron 
microscope. 

It is well known that hydrogen chloride 
reacts readily with copper and nickel, 
producing their chlorides, which are solu- 
ble in water. When hydrogen chloride is 
brought into contact with the copper- 
nickel catalyst, the reaction can be ex- 
pected to start from the surface and 
extend to the interior of the catalyst. Two 
kinds of cations, Cu and Ni’, will be 
found in the solution obtained by washing 
the catalyst with water; and from this 
solution the amount of nickel on the sur- 
face of the catalyst can be estimated. 
With this view in mind, the experiments 
were carried out on a copper catalyst 
containing 1% nickel (copper-nickel), and 
also both on copper and on nickel, for the 
purpose of comparison of their reaction 
rates. 








178 Toyosaburo TAKEUCHI and Masakazu SAKAGUCHI 


Experimental 


The copper catalyst was prepared from metallic 
copper supplied by Ishizu Chemical Co. by dis- 
solving it in extra pure nitric acid, recrystallizing 
the copper nitrate thus obtained, drying the 
nitrate gently on the water bath, and finally 
igniting it at 500°C in air. The nickel catalyst 
was prepared from metallic nickel supplied by 
Kanto Chemical Co. in the same way as the 
copper catalyst. The copper catalyst containing 
1% nickel was prepared by dissolving both 
nitrates in distilled water, then gently drying 
the mixture on a water bath, and igniting it at 
the same temperature as in the cases of the 
copper and nickel catalysts. The spectroscopic 
observation of the copper purified by recrystalli- 
zation showed traces of Mg, Fe, Si, Mn, and Pb. 

The hydrogen used for reduction was prepared 
by electrolysis of water, and purified by diffusion 
through a palladium thimble, preceded and suc- 
ceeded by liquid oxygen traps. The ethylene 
used for the measurement of surface area was 
prepared by the dehydration of ethyl alcohol 
with sulfuric acid, and purified by vacuum 
distillation. 

Hydrogen chloride was prepared from hydro- 
chloric acid by heating it in a flask. The gas 
evolved by heating was condensed in a trap cooled 
by liquid oxygen, distilled in vacuum, and then 
dried by putting it in contact with phosphoric 
pentoxide for about two weeks. 





Fig. 1. Apparatus for the reaction between 
hydrogen chloride and catalysts. 


Fig. 1 shows the main parts of the apparatus 
for examining the reaction between hydrogen 
chloride and the catalyst. In this figure, A is a 
reaction vessel of about 100cc. in volume, and 
is made of pyrex glass. De Khotinsky cement 
was used to connect the reaction vessel and the 
part of the apparatus which is made of ordinary 
glass. U is a U-tube cooled by liquid oxygen or 
ice for the purpose of protecting the samples 
from being contaminated with vapors of grease 
and mercury. M is a mercury manometer, D a 
gas reservoir, and E a MacLeod gauge. 0.5 g. of 
nickel oxide, and 1.0g. of their mixture were 
taken, and placed in pyrex boats side by side. The 
reduction of these oxides to corresponding cata- 
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lysts with hydrogen was carried out at a constant 
temperature of 200°C for three weeks. After the 
reduction was completed, these samples were 
degassed at 10-5 mmHg at 200°C for three hours. 
Then the temperature was lowered to the reaction 
temperature of 150°C, the liquid oxygen bath of 
the U-tube was replaced with an ice bath, anda 
known quantity of hydrogen chloride was ad- 
mitted into the reaction vessel. After a certain 
number of hours, the reaction was stopped by 
replacing the ice bath of the U-tube with the 
liquid oxygen bath to condense the residual 
hydrogen chloride. 

The hydrogen chloride consumed by the reac- 
tion was determined by the measurement of the 
quantity of gas which was not condensed by the 
cooling with liquid oxygen, on the assumption 
that the gas was only hydrogen produced by the 
reaction. 

After the reaction had been stopped, the vessel 
was cut open, and the samples were drawn out 
and were washed with distilled water until no 
chloride ion could be detected. To facilitate the 
analysis each solution was concentrated by heat- 
ing on a water bath. Both metallic ions were 
analysed by means of the polarographic method, 
using ammonium chloride, ammonia, and tylose 
as supporting electrolytes. The suface areas of 
the catalysts were determined at —183°C by the 
B.E.T. method with ethylene using 17.6 A’/molec. 
as the cross-sectional area. 


Results 


Table I shows the results of the measurements 
of the surface area of the catalysts. In this 
table, the amount of sample is represented by 
the weight of each original oxide. In Table II 
are shown the conditions and the results of the 
experiment on the reaction between hydrogen 
chloride and the catalyst. In this table runs (8) 
and (9) represent the results of the experiments 
which were carried out to observe the effect of 
reduction temperature on the reaction. JP 
denotes the pressure decrease of hydrogen 
chloride in the reaction, and S and M denote 
respectively the single component catalyst 
(copper and nickel) and the mixed catalyst 
(copper-nickel). 

Column 6 shows the number of ions produced 
by the reaction of one g. of each catalyst. Column 


TABLE I 


SURFACE AREAS OF COPPER, COPPER-NICKEL, 
AND NICKEL CATALYST, OBTAINED BY THE 
B. E. T. METHOD, USING ETHYLENE 


= Reduction Area 
Catalyst temp. C x 104 cm?/g. 

Cu 200 0.69 

400 0.25 

Cu-Ni 200 — 

400 0.34 

Ni 200 49.2 

400 16.4 
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cali 
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TABLE II 
DATA ON THE REACTIONS BETWEEN HYDROGEN CHLORIDE AND CATALYSTS 


No, Reduction press. time P 
mmHg hr. 
1 200 162.0 88 14.4 
2 Z 162.0 20 14.2 
3 4 115.0 18 9.6 
! 4 97.5 64 7.8 
5 4 164.0 16 3.0 
6 ” 98.5 4 3.0 
7 4 21.5 0.1 0.3 
8 400 81.0 15 1.0 
9 500 70.0 30 2.5 


7 shows the ratio of ions to the number of atoms 
existing on the surface of the catalyst. In these 
calculations the numbers of atoms on the surface 
of the catalysts were determined by using the 
assumption proposed by Yamaguchi”, that the 
surface of the copper catalyst is composed of 
(100) faces, and that of the nickel catalyst (100) 
and (110) faces in the ratio of 2to1. The lattice 
constants used in these calculations were 3.608 A 
for copper, and 2.49 and 3.52A for nickel 
respectively. 

This shows that the number of ions produced 
per unit site is conspicuously larger for copper 
than for nickel, irrespective of the reaction time, 
in the ratio of about 15 to lin the case of every 
run except runs (8) and (9), where the catalysts 
were reduced at 400° and 500°C, and the ratio is 
far greater (about 50 to 1)*. 

Fig. 2 shows the plot of the logarithm of the 
number of the ions attacked per g. of the cata- 
lysts against 4P. It is found that the amounts 


4) S. Yamaguchi, Japan Chem. Meeting, April (1949). 

* The values of the surface area used in the calcula- 
tion of the ratio on the samples reduced at 500°C were 
those reduced at 400°C, because the measurement of the 
area reduced at 500°C had not been carried out. 


7 ‘ No. of ion 
No. of ion 


Sample produced/ NcCu/NNi 
produced/g. No. of site 
5 fCu 1.1 1020 15.6 14.2 
Ni 7.1 x 102° 1.1 1 
jCu 1.5 x 102! 
M Ni 2.310 
g fCu 2.4 10 33.6 15.3 
{Ni 1.4 x 102 2.2 1 
fCu 8.0 « 102 
\Ni 2.7 x 1019 
5 fCu 5.8 x 10 8.0 13.3 
\Ni 3.6 x 1020 0.6 1 
Cu 5.3 x 1019 
M {Ni 5.6 x 1019 
5 fCu 4.4.x 10 6.0 12.0 
\Ni 3.5 x 102 0.5 1 
yCu 2.7 10'9 
MiNi 1.2.x 109 
s {cu 7.0 10" 1.0 16.6 
Ni 3.9 1019 0.06 1 
mu fcu 1.2 10% 
\Ni 1.2 10 
g fCu 1.3 1019 1.8 20.0 
\Ni 5.4 x 1019 0.09 1 
m fcu 2.3 x 1020 
\Ni 4.8 10 
g fCu 2.210" 0.03 15.0 
{Ni 1.4 1018 0.002 1 
Cu —. 2.3 x 108 
M {Ni 1.6 1019 
5 fCu 6.8 x 108 1.0 50.0 
> Ni 9.4 x 101 0.02 1 
jCu—s-»5.0.« 109 
M Wi 6.3 1019 
g fCu 4.0 108 0.5 50.0 
\Ni 7.1% 1018 0.01 1 
Cu 5.1x 1019 
M {Xi 1192100 


of the ions given by copper and nickel catalysts 
increase with JP. Of particuler note is the fact 
that the number of nickel ions gained from the 
copper-nickel catalyst is in the range of 10'* to 
10°, practically constant, independent of 4P, while 
the number of copper ion increases with increas- 
ing 4P as in the case of the copper catalyst. 
The experiment on the catalysts reduced at 400° 
and 500°C gives the same results. 

Plate 1 contains the electron micrographs of 
copper and copper-nickel catalysts. It is found 
that the copper-nickel catalyst has a _ con- 
spicuously rough surface, especially after being 
reduced at 200°C; and many small particles of 
several hundred A in diameter adhere to it. The 
surface of the copper catalyst is not so rough 
as that of copper-nickel; and the small particles 

ich are found in the copper-nickel catalysts 
can scarcely be found on the copper. The sur- 
faces of both the copper and copper-nickel cata- 
lysts are less rough when reduced at 400°C. 


Discussion 


The results of the experiment on the 
reaction with hydrogen chloride show that 
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Photo. 1. Copper reduced at 200°C. 


Photo. 2. Copper reduced at 400°C. 





Photo. 3. Copper-nickel reduced at 200°C. 


sia 











Photo. 4. Copper-nickel reduced at 400°C. 


Plate 1. Electron micrographs of copper and copper-nickel catalyst. 


the amount of copper ion obtained from 
the copper-nickel catalyst increases with 
the consumption of hydrogen chloride, 
whereas that of nickel ion remains roughly 
constant within the range 10'*—10’’ ions, 
the average being 2.8x10'%ions/g., which 
is 3% of the total amount of nickel con- 
tained in the catalyst. This amount may 
be considered as that existing on the sur- 
face of the catalyst. 

Masing® has recently reported that the 
copper does not dissolve so easily when 
combined with nickel, as has generally 
been believed. Kuczynski® has found that 
a particle of nickel of about 0.3mm. in 
diameter placed on a copper plate sinters 
to the plate, forming a very deep groove 
in the copper around the place of contact, 
when heated in hydrogen. According to 
these facts and our study” on this cata- 
lyst by means of electron diffraction by 
changing the accelerating potential of 


5) C. Masing, ‘‘ Grundlagen der Metallkunde,” Sprin- 
ger-Verlag.. Gottingen (1951), p. 57. 

6) Kuczynski, J. Metals, 185, 813 (1949), Kuczynski, 
J. Metals, 187, 169 (1949). 

7) S. Yamaguchi and T. Takeuchi, in Kolloid Zeit., 
accepted for publication. 


electron, it can be said that the nickel in 
the copper-nickel catalyst does not com- 
pose an alloy. 

In plate 1 the electron micrograph of a 
copper-nickel catalyst reduced at 200°C 
shows many indentations and small parti- 
cles, similar in appearance to that ob- 
served by Kuczynski. Accordingly, the 
small particles seem to be composed of 
nickel, being sintered to the copper sur- 
face at the place of contact. 

The ratio of the total surface area of 
nickel particles to that of the copper-nickel 
catalyst can be obtained by the following 
procedure, based on the assumption that 
the amount of nickel obtained by the 
reaction with hydrogen chloride is all that 
exists on the surface of the catalyst, and 
that the size of nickel particles is the 
same as that of the particles of a pure 
nickel catalyst. The average diameter D 
of the particles of nickel can be obtained 
as follows, when they are assumed to be 
spherical : 


D=6/pS (1) 


where Pp is the density, and S the surface 
area of nickel powder per g. 
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Fig. 2. Numbers of copper and nickel ions 
given by the reaction of hydrogen chloride 
with copper, nickel, and copper-nickel (per 
g.) as a function of JP. 

Cu-ion from Cu Catalyst. 
Cu-ion from Cu-Ni Catalyst. 
* Ni-ion from Ni Catalyst. 
@ Ni-ion from Cu-Ni Catalyst. 
The number of nickel atoms xz in one 


particle is given as 
n=2pD*N/6M (2) 


where N is Avogadro’s number, and M the 
atomic weight of nickel. 

The number, A, of particles of nickel 
on a surface per g. of the catalyst is given 
as 


A=n|n (3) 


where wz is the total number of nickel 
atoms on a surface per g. of the catalyst. 
The ratio Y of the total surface area of 
nickel particles to the total of the catalyst 

is given as 
Y=Az7D?/S’ (4) 


where S’ is the specific surface area of 
copper-nickel catalyst. Assuming the value 
62.410‘ cm.?/g. to S, 8.85 to p, D is given 
as 1.1«10-° cm. from equation (1). Assign- 
ing the value 2.8x10'° to mz, and 1.010! 
cm.’/g. to S’, Y is given as 0.17 from (4)**. 

According to the electron micrograph, 


, 
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the diameter of the particles on the cata- 
lyst can be estimated as 5x10-°cm. or 
less. This size is roughly in accord with 
the calculated value D mentoined above. 
This corroborates the supposition we have 
made on the structure of the copper-nickel 
catalyst. 

The amount of nickel obtained from the 
catalyst remains constant, independent of 
the reduction temperature. This suggests 
that the nickel on the surface of the 
catalyst has already settled on the surface 
before the reduction of the catalyst set 
in; and the amount of nickel on the sur- 
face might depend mainly on the way in 
which the mixture of copper and nickel 
nitrates is prepared. 


Summary 


(1) The reactions of hydrogen chloride 
with copper, nickel and copper containing 
1% nickel, and the observation by means 
of an electron microscope were carried 
out to determine the state of the nickel 
contained in the copper-nickel catalyst. 

(2) The numbers of copper ion gained 
from the copper-nickel catalyst per g., 
after the reaction with hydrogen chloride, 
increase with the amount of consumption 
of hydrogen chloride used, whereas that 


- of nickel ion is in the range of 10'°—10°°/ 


g., practically constant, independent of 
the amount of the consumption of hydro- 
gen chloride. 

(3) The electron micrograph shows that 
the copper-nickel catalyst has a conspicu- 
ously rough surface, and many particles 
of several hundred angstroms in dia- 
meter are scattered on the surface of the 
catalyst. 

(4) The results of the hydrogen chloride 
reaction experiment suggest that about 
3% of the total amount of nickel contained 
in the catalyst exists adhering to the sur- 
face of the catalyst, in the state of metallic 
nickel particles. 

(5) The ratio of the total surface area 
of nickel particles on the surface of the 
catalyst to the total surface area of the 
copper-nickel catalyst is given as 17%, by 
the calculation using the assumption that 
the size of the nickel particle is the same 
as that of the pure nickel catalyst pre- 
pared in the same way. 

Faculty of Literature and Science 
Toyama University, Toyama 
** The values of S and S’ used in the calculation 
were obtained as follows, from Table 1 ; 
S = 49x 10‘Myjig/My; cm’, S’ = 8.0*10'Mg.0.xio/Mey-ni 


cm’, where M denotes atomic or molecular weight of 
material represented by the suffix. 
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The Surface of Copper-Nickel Catalyst. II. Adsorption of Hydrogen 
on Copper, Nickel, and Copper-Nickel Catalysts 


By Toyosaburo Takeucui and Masakazu SAKAGUCHI 


(Received January 17, 1956) 


In the previous paper” the authors re- 
ported their study of the surface of copper 
catalyst containing 1% nickel, a study 
carried out by means of the reaction of 
hydrogen chloride with the catalyst and 
through the use of an electron microscope ; 
and they proposed that a small percentage 
of the total amount of nickel contained 
in the catalyst occupies a comparatively 
large proportion of the surface area of 
the catalyst, existing in the metallic nickel 
state. 

The present work was undertaken to 
determine the heat of adsorption of hydro- 
gen on copper, nickel, and copper-nickel 
catalyst at high temperature in order to 
obtain further knowledge of the structure 
of copper-nickel catalysts. 

It is well known that the heat of ad- 
sorption of a gas on a metal at high tem- 
perature (heat of chemisorption) is greatly 
dependent upon the kind of metal as well 
as upon the gas adsorbed on it. If the 
metallic nickel particles supposed to exist 
in a large proportion on the surface of 
the catalyst is in an exposed state, it is 
expected that the heat of adsorption of 
the gas on the catalyst (copper-nickel) 
may be the same or nearly the same as 
that for a pure nickel catalyst. If the 
nickel particles are covered with copper, 
the heat of adsorption can be expected to 
be the same as that of a pure copper 
catalyst. If copper-nickel alloy is formed 
(contradictory to the conclusion of the 
previous paper), and is in an exposed 
state, the heat of adsorption can be ex- 
pected to differ from both that for nickel 
catalyst and that of copper catalyst. 

With a view to ascertain whether the 
surface of the copper-nickel catalyst is 
composed of nickel, copper, or alloy, the 
adsorptions of hydrogen on copper, nickel, 
and copper-nickel (copper containing 1% 
nickel) catalysts have been investigated, 
and the heats of adsorption given by the 
adsorption isotherms for these three cata- 
lysts have been compared with one an- 


1) Part I, preceding paper. 


other. Further, the effects of reduction 
temperatures upon the surface area and 
upon the adsorption velocity of hydrogen 
have also been investigated. 


Experimental 


The copper, nickel, copper-nickel, hydrogen, 
and ethylene which were used in this experi- 
ment were prepared in the same ways as in the 
experiment described in the previous report”. 

The apparatus used is shown in Fig. 1. In this 
figure, A is the reaction vessel of about 30cc. 
volume. B is the U-tube which is cooled by 
liquid oxygen throughout the whole process of 
the reduction of the catalyst and the adsorption 
experiment, for the purpose of protecting the 
catalyst from being contaminated by grease or 
mercury vapor. C is the MacLeod gauge which 
can measure pressures as low as 10-®mmHg. D 
is a 40cc. messburette calibrated to 0.lcc. E is 
the mercury reservoir connected to the burette 
and gas reservoirs. F and G are reservoirs for 
hydrogen and ethylene, respectively. 





Fig. 1. Apparatus for adsorption of hydrogen 
on copper, copper-nickel, and nickel catalysts. 


In the Knudsen pressure range, the relation- 
ship between the pressure P,; of the reaction 
vessel A at the room temperature 7; and P, at 
the reaction temperature 72 is given as 

P,/P2 =/T, lV Tz 
In this experiment the corrected value of pres- 
sure P: was obtained empirically according to 
the method used by Kwan”, because of the com- 
plexity of the temperature distribution of the 
apparatus, which was heated partially in the 
furnace and cooled partially by liquid oxygen. 


2) T. Kwan, J. Research Inst. Catalysis, Hokkaido 
Univ., 1, 81 (1949). 
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The quantities of the samples which were 
admitted into the reaction vessel were 2.0g. for 
copper oxide and copper-nickel oxide, and 0.5g. 
for nickel oxide. Reduction in hydrogen gas at 
a pressure of several cmHg was continued for 
three weeks at 200°C. In no case was there any 
decrease of hydrogen after about two weeks. 
Previous to the experiment of adsorption, the 
samples had been degassed at 10-*mmHg _ for 
three hours at a constant temperature of 200°C. 

The equilibrium pressure on each catalyst was 
determined as follows: After the admission of 
hydrogen into the reaction vessel, rapid decrease 
in pressure was observed with every catalyst. 
With nickel catalyst the pressure, after the first 
ten minutes of rapid decrease, was found to be 
constant for several hours, suggesting that the 
adsorption equilibrium had been rapidly attained; 
whereas with copper and copper-nickel catalysts, 
it took one or two days until the pressure became 
apparently constant. 

In the cases of nickel and copper catalysts 
each equilibrium pressure was determined by 
the procedure used by Kwan*. That is, when 
the pressure attained a constant value, the tem- 
perature was lowered or raised, then was kept 
constant until the pressure attained a constant 
value; then the initial temperature was restored. 
At this initial temperature the initial equilibrium 
pressure was reached rapidly on nickel and could 
easily be determined, but it took about one or 
two hours on copper. 

In the case of copper-nickel catalyst, changing 
the pressure by raising the temperature was not 
so simple as in the cases of copper and nickel 
catalysts. When the temperature was raised 
from 100° to 130°C, it was found that the pres- 
sure increased for a time, then decreased gra- 
dually to a constant value; and when the tem- 
perature change was repeated, the pressure 
which had apparently become stable at each 
temperature, attained a constant value lower 
than the former one. The difference in pres- 
sures between the system immediately after the 
attainment of the temperature and that in the 
steady state was found to diminish gradually 
until it became hardly recognizable, as shown in 
Fig. 2. The authors define the equilibrium pres- 
sure with reference to this final state. 


P mmHg 











Time (hr.) 


Fig. 2. Pressure change of hydrogen on 
copper-nickel catalyst on raising and 
lowering temperature. 


-on copper-nickel catalyst at 100 
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After the adsorption experiment had been car- 
ried out, the surface area was determined from 
the adsorption isotherm deta of ethylene at —183 

C by the B. E. T. method. In the cases of copper 

and of copper-nickel catalysts, after the surface 
areas were determined, the temperature of the 
reaction vessel was raised to 400°C, and the 
catalysts were treated in hydrogen for a week. 
Then the same observations as those mentioned 
above were reported. 


Results 


The relationship between surface area and 
reduction temperature in the three catalysts is 
shown in the previous report. From the result 
it is found that the surface area of nickel is 
remarkably larger than those of the others at 
every reduction temperature, and that of copper- 
nickel catalyst is a little larger than that of 
copper catalyst. On raising the reduction tem- 
perature from 200° to 400°C, each catalyst de- 
creased its surface area, to about 30% of its 
original value for nickel catalyst, to 35% for 
copper catalyst, and to 45% for copper-nickel 
catalyst. This shows that the addition of nickel 
increases the surface area of the catalyst, and 
prevents the surface from shrinking with the 
increasing reduction temperature. 

Fig. 3 gives the hydrogen adsorption isotherms 
on the catalysts, namely that on nickel catalyst 
determined at 100° and 120°C, that on copper 
catalyst at 100° and 130°C, and 160°C and that 
and 130°C. The 
results are shown by a plot of the logarithm of 
the adsorbed quantity V in cc. N.T.P. per g. 
against the logarithm of the equilibrium pressure 
P. in mmHg. The curves show that Freundlich’s 
adsorption formula is not applicable to any of 
these catalysts, and that the amount of hydrogen 
adsorbed on nickel catalyst is by far the largest 
of the three, about ten times that of copper- 
nickel catalyst, while that of copper-nickel 
catalyst is about five times that of copper catalyst 
at 100°C. But when the adsorption amounts are 
represented as those per unit area, that of nickel 
catalyst is not larger than that of copper catalyst. 
Thus, the adsorption amount of copper catalyst 
is about 1.6 times larger, and that of copper- 
nickel catalyst is about five times larger than 
that of nickel catalyst, at the same equilibrium 
pressure of 10-2 mmHg. 

From these isotherms, the differential heats of 
adsorption 4g were determined according to the 
usual equation 


4q=RT?(01n Pe/0T)y, 


where P. denotes the equilibrium pressure, T 
the absolute temperature, V the amount adsorbed. 

The results are shown in Fig. 4. These results 
show that the heat of adsorption of hydrogen on 
copper is remarkably smaller than that of nickel 
catalyst at the same coverage, that of copper 
catalyst being 10.6 kcal./mol., and that of nickel 
catalyst 24.2 kcal./mol. on each sparsely covered 
surface. The heat of copper-nickel catalyst may 
be the same as that of copper catalyst as presumed 
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Fig. 3. Adsorption isotherms of hydrogen 
on copper, copper-nickel, and_ nickel 
catalysts reduced at 200°C. 
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Fig. 4. Adsorption heats of hydrogen on 
copper, copper-nickel, and nickel cata- 
lysts reduced at 200°C. 
© Copper, @ Copper-nickel, & Nickel. 


by extrapolating the heat curve of copper-nickel 
catalyst up to its sparse coverage. 

Fig. 5 shows the rate of adsorption of hydrogen 
on copper and copper-nickel catalysts, represent- 
ed by a plot of the logarithm of the pressure P 
against time. The results show that the first- 
order equation can not be applicable to the rates 
contrary to the results of Kwan®. The dotted 
line in the figure indicates the results obtained 
by Kwan, which are represented by a straight 
line. It is found that the rate of adsorption on 
copper catalyst in our experiment is far greater 
than that given by Kwan. 

In the case of the copper and copper-nickel 
catalysts reduced at 400°C, the rates of adsorp- 
tion decrease markedly when compared with 
those reduced at 200°C; and the pressure de- 
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Fig. 5. Changes of hydrogen pressure with 
time on copper and copper-nickel catalysts. 
@ Copper-nickel reduced at 200°C, 

Copper reduced at 200 °C, Copper 
reduced at 400°C (time unit is hr.), 
Copper reduced at 450°C (time unit 
is hr.), reproduced from Kwan». 


crease of hydrogen still continues after a week. 
Therefore, the isotherms of those reduced at 4()() 
C could not be obtained. 


Diseussion 


The heat of adsorption of hydrogen on 
nickel has already been measured by 
many reseachers”. However, the results 
of these measurements do not agree among 
themselves, and the value (26 kcal.) given 
by Kwan”, who carried out his experiment 
very carefully, is nearest to the authors’ 
value of 24.2kcal. for a sparsely covered 
surface. 

The reports on the heat of adsorption 
of hydrogen on copper are not so numer- 
ous as those on nickel. Kistiakowski et 
al measured it by means of a glass 
vacuum calorimeter, and found a rise in 
the curve of heat of adsorption when 
plotted against the amount adsorbed; 
about 4kcal. for a sparsely covered sur- 
face, 18kcal. for a more densely covered 
surface, and 12kcal. for a fully covered 
surface. The unusually low value and the 
sudden rise to the maximum value are 
unacceptable in the light of recent re- 
searches on the heat of adsorption on 
other metals, which invariably shows that 
the heat of adsorption gradually decreases 
as the amount adsorbed increases. 


3) T. Kwan, J. Research Inst. Catalysis, Hokkaido 
Univ., 1, 95 (1949). 

4) P. A. Beebe and H. S. Taylor, J. Am. Chem. 
Soc., 46, 43 (1924). C. F. Fryiing, J. Phys. Chem,, 30, 
818 (1926). O. Beeck, ‘‘ Advances in Catalysis,” Acade- 
mic press. Inc., N. Y. (1950). p, 173. 

5) Kistiakowski and Taylor, Z- Physik. Chem., 125, 
341 (1929). 
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Ward” reported that the heat of adsorp- 
tion on copper is within the wide range 
of about 80—9.8kcal. In his report there 
is no detailed description of the process 
of reduction of the sample. It seems that 
the irreproducibility of ausorption, as well 
as the large value of the heat found after 
the initial treatment of baking of the 
sample, might be due to the reaction be- 
tween hydrogen and the oxygen remaining 
on the surface of the sample. The value 
of 9.8kcal. which was obtained after the 
last treatment of baking sample seems to 
be most reliable in his experiments, which 
agrees approximately with the value ob- 
tained in our experiment. Therefore, it 
is most probable to estimate the heat of 
adsorption on copper to be approximately 
10kceal. Thus, the heats of adsorption on 
copper and on copper-nickel coincide with 
each other, but they are both vastly dif- 
ferent from the heat of adsorption on 
nickel. This suggests that the surface of 
copper-nickel catalyst is mainly composed 
of copper. 

The error of the heat of adsorption is 
about 0.5kcal. in this experiment. Using 
the heats of adsorption of hydrogen on 
pure copper and nickel catalysts at near 


zero coverage (24.2 and 10.6 kcal.), and the . 


ratio of adsorption amounts per unit area 
at zero coverage Xcu/Xni (2.0), the pro- 
portion of the area of the exposed nickel 
on the copper-nickel catalyst to the total 
surface area—even if the exposed nickel 
particles exist on the surface of the 
catalyst—can be estimated as about 6% or 
less. This value is far smaller than that 
value of 17% estimated by the study re- 
ported previously’; and therefore, it is 
suggested that the nickel particles, which 
have been supposed to exist on the surface 
of the catalyst, are covered with films of 
copper which has a far lower melting point 
than nickel. It was found that the wall 
of the reaction vessel was colored by 
copper during the reduction of the copper- 
nickel catalyst. This facts shows that the 
copper vaporizes easily from the surface 
of the copper-nickel catalyst which is 
covered with copper atoms during the 
reduction. 

It is quite plausible that the orientation 
of the copper films formed by the evapora- 
tion of the copper atoms was affected by 
the structure of the underlying metal 
face, and that the great activity of the 
copper-nickel catalyst was due to a special 


6) A. F. H. Ward, Proc. Roy. Soc., 
(1935). 
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orientation of the copper atoms on the 
nickel particles of the surface of the 
catalyst, and to the electronic effect of 
nickel on copper. This is supported by 
Beeck”, who pointed out that copper films 
prepared by the evaporation in hydrogen 
are far more active than ordinary copper 
films ; and by Dowden”, who electronically 
described the catalytic activity of copper- 
nickel alloy catalyst. 

The decrease of the hydrogen adsorption 
activity of the copper-nickel catalyst with 
increase in reduction temperature may be 
due to the growth of the thick copper 
layer on the nickel particles, and con- 
sequently to the decrease of the electronic 
effect of the nickel on copper. 

According to Kwan” the adsorption rate 
on copper is represented by a first-order 
expression throughout the adsorption 
process, while the results obtained in this 
experiment do not, and are far greater in 
value. Kwan carried out the reduction 
of the sample at high temperature (450°C), 
and measured a comparatively initial part 
of adsorption. We have found that the 
rates of adsorption on copper and copper- 
nickel catalysts decrease as the reduction 
temperature rises. It is doubtful whether 
his results could be represented by a first- 
order expression, if the pressure change 
due to adsorption had been measured until 
adsorption had practically ceased. 


Summary 


(1) The adsorption of hydrogen on 
copper, nickel and copper-nickel (contain- 
ing 1% nickel) catalysts, prepared from 
the nitrates of copper and nickel were 
observed in the range of 100° to 130° or 
120°C. 

(2) The shrinkage of surface with in- 
crease of reduction temperature was 
smaller for copper-nickel catalyst than 
for pure copper catalyst. 

(3) The rates of adsorption of hydrogen 
on copper and copper-nickel catalysts were 
far smaller than that of nickel; and the 
adsorption amount per unit area was the 
greatest for copper-nickel catalyst, while 
that of nickel catalyst was the :smallest 
among the three. 

(4) The differential heats of adsorption 
of hydrogen at near zero coverage were 
given as 10.6kcal. both for copper and 
copper-nickel catalysts, and 24.2kcal. for 
nickel catalyst. 

7) O. Beeck, Discussion Faraday Soc., No. 8. 118(1950). 


8) D. A. Dowden, and P. W. Reynolds, ibid., No. 8. 
184 (1950). 
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(5) On the basis of the coincidence of 
the adsorption heats of copper and copper- 
nickel catalysts, it is suggested that the 
nickel particles supposed to exist on the 
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surface of the copper-nickel catalyst may 
be covered with copper atoms. 
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Introduction 


The very important and interesting 
problem about micelles in aq. surfactant 
solutions is the relation between micellar 
concentration and surfactant concentra- 
tion. Hartley” said that in dilute soap 
solution, the aggregate of paraffin chain 
salt has a well-marked optimum size and 
that no picture has given any satisfactory 
explanation for limitation of the size of 
aggregates. If this assumption could be 
applied to the rather concentrated range 
of surfactants, we should reach the curious 
conclusion, e.g., of 0.48 molecules of di- 
methyl amino azobenzene being solubilized 
in one micelle of dodecyl amine hydro- 
chloride, which consists of 39 surfactant 
molecules”, namely, notwithstanding the 
fact that the surfactant solution was com- 
pletely saturated with dye, there would 
be about half of all micelles which were 
free from the dye molecule. It is generally 
believed that at about CMC there are 
small micelles and at high concentration 
of surfactants there exist large micelles, 
which consist of several double layers or 
have branching form in large dimension. 
But there is no satisfactory explanation 
about the relation between both kinds of 
micelles. In order to obtain some infor- 
mation on the relation between the sur- 
factant concentration C,; and the micellar 
concentration C,,, we have used the follow- 
ing fact on spectroscopy; “‘in some cases 
the absorption spectra of associable mole- 


1) G. S. Hartley, Quarterly Reviews (London), IH, 
179, (1948). 

2) M. E.L. McBain and E. Hutchinson “ Solubiliza- 
tion,” Academic Press Inc., Publishers, New York 
(1955), p. 95. 


cules in solutions change by the effect of 
association’’. When such an absorber, 
whose spectral change by association is 
great, and which is water-insoluble, is 
solubilized in an aq. surfactant solution 
and its spectrum is measured, we should 
observe some influences of association in 
the absorption band, so long as there are 
some micelles which contain more than 
two absorber molecules in them. Now 
keeping the concentration of surfactant 
C; constant, i.e., the micellar concentra- 
tion C,, constant, and increasing the con- 
centration of absorber C,, the number of 
absorber molecules in solution should 
exceed at last that of micelles. If we can 
detect the absorber concentration C,, upon 
which the influence of association appears 
first, this absorber concentration C, should 
be equal to the concentration of micelles 
Cn, i.e., Cn=C.z, and further the number 
of molecules forming every micelle, Nn, 
is given by the equation 


Nu=(C;—C)/Cm (1) 


where C is the CMC and the unit of C.,, 
C and C,, are given by moles per liter; if 
the surfactant concentration is given by 
weight percent, C’,, as is in usual cases, 
the molar concentration C; is obtained by 
10 x C’;/M, where M is the molecular weight 
of the surfactant. 


Materials and Methods 


Samples.—Trans-azobenzene (AB) is used as 
a water-insoluble dye. As surfactants we have 
used sodium dodecyl sulfate (SDS), sodium oleate 
(SO), trimethyl dodecyl ammonium chloride 
(TMD), cetyl pyridinium chloride (CPC) and 
dodecyl polyethylene glycol ether (E120, average 
molecular weight is 1066). About the purification 
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of AB, SDS, TMD and E120 we have already 
reported®. CPC, manufactured by the L. Light 
and Co., Ltd. (England), was purified by ether. 
SO, from the E. Merck Co., is the purest grade 
and used without special purification. 
Methods.—10-°M/L of AB were solubilized in 
aq. surfactant solutions of certain concentrations 
and these solutions were used as stock solutions. 
Every stock solution was diluted in turn by the 
aq. surfactant solution of the same concentration 
respectively, and their absorption intensities at 


certain wave length were measured by the 
Beckman DU _ spectrophotometer immediately 
after dilution. 

Results 


Fig. 1 is the relation between the absorption 
intensity of zx band and the concentration of AB 
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Fig. 1. The x band of azobenzene in CCl. 


Concentration of azobenzene; I: 10-4M, 
II: 4x10-4M, III: 10-3M, IV: 3.2x10-3M, 
V:10-2M, VI: 3.2x10-2M. 


3) H. Sasaki, H. Okuyama and S. Saito, This Bull., 
29, 752 (1956). 
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benzene at 320 mz in the aq. SDS solutions. 
Concentration of SDS; 1:0.5%, I1:1%, 
III : 2.5%, 1V : 5%, V: 10%, VI: 20%. 


in CCl. Fig. 2 is the relation between absorp- 
tion intensity at 320 my and the concentration of 
AB in hexane and 10% aq. SDS solution. Figs. 
3—7 are the relations between the absorption 
intensity at a certain wave length and the con- 
centration of AB in various kinds of aq. sur- 
factant solutions of various cocentrations. 
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benzene at 335 mz in the aq. SO solutions. log C 


The concentration of SO; I: 0.05%, II: " 
0.5%, 11: 1%, IV: 5%. Fig. 7. The absorption intensity of azo- 


benzene at 320 myz in the aq. CPC solutions. 


Discussion The concentration of CPC; 1[:0.5%, II:1%. ) 


As is shown in Fig. 1, the 7 bandof AB molecule and no dissociation occurs, and 


in CCl, depends remarkably on its con- in CCl: no pH effect occurs, moreover 
centration C,. It is reasonable to think trans- and cis-azobenzene have no absorp- 


that the cause of this dependence of ab- tion maximum at 355 my’). From the curve 


sorption intensity upon the concentration 4) W. R. Brode, J. H. Gould and G. M. Wyman, J. 
is association, because AB is a neutral Am. Chem. Soc., 75, 1836 (1953). 
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I in Fig. 2 we can observe the relation 
between the concentration and the absorp- 
tion intensity of AB at 320 mw in hexane. 
The curve is approximately parallel to 
the abscissa in the range of C,<1.2«107'M, 
which shows that AB molecules are almost 
in the unassociated state. In the range 
of C,>1.2*107~' M, the absorption intensity 
decreases with increasing C,, which shows 
AB molecules are in the associated state. 
The curve II in Fig. 2 shows the relation 
between the absorption intensity at 320 mu 
and the concentration of AB in aq. SDS 
solution. As C;, the surfactant concentra- 
tion, is kept constant, the micellar con- 
centration C, is also constant. If we 
follow the curve II from the left to the 
right, the number of AB molecules in- 
creases and at about C,=1.2x10-! M both 
the micellar concentration and the con- 
centration of AB are equal, i. e., Cn=Cuz, 
for at this point the curve begins to bend 
markedly. We will explain this reason 
again; as the lowering of the absorption 
intensity of AB in hexane or in CCl, is 
caused by the association, as mentioned 
above, then from resemblance of curves I 
and II, this lowering of the absorption 
intensity of AB solubilized in aq. SDS 
solution must be also caused by the as- 
sociation of AB molecules in micelles, and 
in order to cause AB molecules to associate 
in a micelle, the micelle must contain 
more than two AB molecules. Therefore 
the C., at this AB concentration where 
the intensity curve begins to bend marked- 
ly, must be equal to the micellar concen- 
tration C,,. Beyond this value of C., every 
micelle solubilizes 2,3, and more AB mole- 
cules, therefore, paying the attention to 
AB molecules, the associate concentration 
of AB is constant, i.e., equal to Cm, and 
only the association number of AB in- 
creases with increasing C,. All the curves 
in Fig. 3 show similar behavior; that is, 
in the range of 1.2107! M<Ca<2.5x107'M 
the curves bend remarkably, and the con- 
centration of SDS, C,, is concerned little 
with this general behavior of the intensity 
curves. Therefore it is concluded that 
the micellar concentration of SDS is about 
1.2x10-'M/L in the range of 0.5% <C,<20 
‘,, that is, Cm is constant irrespective of 
C. in this range*. Accordingly, the as- 


* In these discussions, we take the assumption of 
approximately monodispersed state of AB molecules 
solubilized in every micelle, as all micelles are also in 
the approximately monodispersed state. The reasons 
to take this assumption are as follows; (1) The facts 
that the approximately parallel part of the absorption 
intensity curve of AB in an aq. surfactant solution 
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sociation number of molecules forming 
every micelle, N,,, of SDS increases with 
the increase of C, in the range of C, being 
at least above 0.5%, and can be given by 
equation (1), inserting the value C=8.12 
x10-°M (0.234%) and C,=1.2x107'M. In 
the case of C,=20% in Fig. 3, the curve 
differs a little from the others. We shall 
explain the reason for this afterwards. 
TMD gives also the similar curves as SDS 
as observed in Fig. 4, Cm is about 1.2 
x10-' M in the range of C.=0.5%. At C, 
=0.3%, AB is in suspension state (not 
perfectly solubilized) and this curve is 
not reliable. The association number of 
a micelle of TMD is given by equation 
(1), inserting the value C=0.016M». In 
the case of SO, as shown in Fig. 5, the 
values of C,, is smaller than those of SDS 
or TMD, that is, C, is about 8x10~°M in 
the range of 0.05% —0.5%, and that, with 
increasing C,, the bending part of the 
curves shifts towards the left, i.e., at 1% 
of C., Cn is about 6«10~°M and at 5% we 
can no longer detect the clear bending 
part on the curve where AB molecules 
are in the transitional state from the 
unassociated to the associated state. The 
value of association number of every 
micelle is given by the equation (1), in- 


ofte shows irregular knicks and decreases with incre- 
asi... C, prove that AB molecules in micelles are in 
some -iegree in a polydispersed state. But the degree 
of polydispersity of AB molecules in this range, e. g 
in ag. SDS solutions C,~10-*M, is very little. On the 
other hand, in the range of C,>10-*M in SDS, the 
intensity curves decrease steeply, and this fact shows 
that when micelles containing more than two AB mole- 
cules appear largely, the absorption intensity of solutions 
decreases markedly. Because this great lowering of 
the intensity is not observed in the range of C,<10-*M, 
we can safely say that AB molecules are mainly in a 
monomer state in the range of C,<10-'M in SDS 
Moreover, it is thought that our assumption is justified, 
because the values of N,, tabulated in Table 1, which 
are obtained by the assumption of approximately mono- 
dispersed state of AB molecules in micelles, are in good 
agreement with those obtained by other authors, at 
least in low values of C,. (2) If we assume, on the 
contrary, that at a certain C,, the micelles were in a 
polydispersed state (P. A, Thiessen in Zsigmondy, 
‘Lehrbuch der Kolloidchemie.” 2, Leipzig (1927), p. 167), 
instead of approximately monodispersed state, whose 
solubilizing powers must be different after a different 
association number, then some possibility would occur 
that AB molecules might be solubilized also in a 
polydispersed state. But if so, the degree of polydispe- 
rsity of AB must be subject to C,. and the regular form 
of intensity curves irrespective of C,, as is observed in 
Fig. 3, could not be observed. From these reasons 
mentioned above in (1) and (2), it is understandable that 
the assumption of the moncdispersed state of AB mole- 
cules solubilized in micelles as well as surfactant mice- 
lles in aq. phase may be allowed in practical meaning, 
though it can not be admitted in strict meaning. 

5) BP. Mukerjee and K. J. Mysels, J. Am. Chem. Soc., 
77, 2937 (1955). 

6) H. B. Klevens, J. Phys. Chem., 52, 130 (1948). 
0.016 M/L is the CMC of dodecyl trimethyl ammonium 
bromide and we assume that the CMC of TMD does not 
differ so much from this value. 
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serting the value C=6x107'M”. In Fig. 
6, it is shown the case of E120, C,, decreases 
also with increasing C,, i. e., in the range 
of 0.5% <C,<2.5%, Cm is about 1.2x10-'M; 
at 5%, Cm is about 107'M; at 10%, Cm is 
about 6x10-°M; and at 20%, there can 
not be observed the clear bending point. 
The number of micellar molecules is given 
by equation (1), inserting the value C= 
0.1%* and values of C,, given above. In 
Fig. 7 shown the experiment on CPC, C,, 
is about 107'M at C,=0.5%, and about 
8x10-° M at C,=1%. Nuns are given by 
equation (1), inserting the value C=9 
~10~'M and these values of C,, given 
above. In Table 1 these calculated values 
of N,, are tabulated. 

The fact that when C, increases largely, 
C,, decreases, and that at last the clear 
bending point disappears seems to be due 
to the general phenomenon about sur- 
factant micelles. The values of Nin, given 

TABLE I 

THE VALUES OF MICELLAR CONCENTRATION, Cm, 

AND THE NUMBER OF SURFACTANT MOLECULES, 

Nm, IN THE CERTAIN CONCENTRATION OF SUR- 

FACTANTS, SUCH AS SODIUM DODECYL SULFATE 

(SDS), TRIMETHYL DODECYL AMMONIUM CHLO- 

RIDE (TMD), SODIUM OLEATE (SO), LAURYL 

POLYETHYLENE OXIDE ETHER (E120) AND CETYL 

PYRIDINIUM CHLORIDE (CPC) 


Surfactants Cm M/L Num 
SDS 0.5% 1.2x10-* 77 
1.0 y 220) 
 H Y 650 
5.0 Md 1380 
10.0 ad 2800 
TMD 0.5% 1.2x10-4 30 
1.0 4 230 
2.5 Ga 800 
5.0 4 1740 
SO 0.05% 8x10-5 13 
0.5 Y 198 
1.0 6x 10-5 550 
E 120 0.5% 1.2x 50-* 32 
1.0 4 70 
2.5 4 188 
5.0 1.0x10-4 460 
10.0 6x 10-5 1550 
CPC 0.5% 10-4 138 
1.0 8x 10-5 358 


7) I. M. Kolthoff and W. Stricks, ibid., 53, 424 (1949). 
* This value is estimated from the solubilization of 
AB and not the precise value. 
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in Table I, at the low values of C,, are 
in good agreement with what are obtained 
by other methods, for example, 75 for aq. 
SDS solution by the light scattering 
The range of C.,, where C» is kept con- 
stant, seems to be subject to the volume 
of surfactant molecules, and to whether 
the unsaturated part exists or not in sur- 
factant molecules; this upper limiting 
concentration seems to be 20%** in SDS, 
5% in SO and 10% in E120. 


Summary 


From the spectral change of 7 band, 
caused by the association of azobenzene 
solubilized in aq. surfactant solutions, we 
have reached the conclusion that in a 
certain wide range of surfactant con- 
centration, the micellar concentration is 
constant and only the number of sur- 
factant molecules forming every micelle 
increases with increasing surfactant con- 
centration. These values of the number 
of micellar molecules, obtained by spectral 
method, are in good agreement with those 
reported previously, in low concentration 
of surfactants. 


The authors wish to express their sincere 
thanks to Prof. N. Sata for his encourage- 
ment. 


Department of Chemistry, Faculty of 
Science, Osaka University, Osaka 


8) E. Hutchinson and J. G. Melrose, Z. physik. 
Chem., Neue Folge 2, 363 (1954). 

** Suppose that C,,=—12x10-*M/Z and volume of 1900 
cm! is divided by the sphere of NC,» (N is_ the 
Avogadro’s Number), the radius of this sphere is given 
by the equation (4/3)I7°>NC =(1027)A3, i. e., r=150A. 
According to Debye’s opinion (P. Debye and E. W 
Anaker, J. Phys. Chem., 55, 644 (1951)). the size cf 
micelle does not exceed 300A, and Hess et. al. (K. Hess 
and H. Kiessig, Ber., 81, 327 (1948)). reported that the 
shape of large micelles is blade-like. A micelle which 
consists of less than one hundred surfactant molecules 
might be spherical, but a large micelle consisting of 
some hundreds of molecules can not be spherical, so we 
assume that this large micelle is a disk-like shape, 
which consists of one double layers. As one surfactant 
molecule occupies 25A2, (J. W. McBain, in R. E. Burk 
and O. Grumitt ‘“ Frontiers in Colloid Chemistry,” New 
York (1950), p. 133). the radius of this disk, r, at 10% of 
SDS is given be the equation lr? =25 x (2800/2), i. e.. 
7r=105A, where 2800 is N,, tabulatedin Table I. If this 
micelle continues its growth until 20% of SDS concentra- 
tion, then N,,=5720, which is obtained by the equation 
(1), and r=151A. It is understandable easily that the 
micelles, even if they have a different shape, will 
combine wrth each other and form larger micelles when 
Cs exceeds some limiting value, given above. 
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Dependence of the Characteristics of Calcium 
Halophosphate Phosphors on the Condition 
for Preparing Secondary Calcium 
Hydrogen Orthophosphate 


By Yoshihide Korera, Michiko YONEMURA 
and Tadao SEKINE 


(Received October 5, 1956) 


The development of calcium halophos- 
phate phosphors has been described by 
Jenkins, McKeag and Ranby” and Nagy, 
Wollentin and Lui”. Two main stages 
are involved in the preparation of calcium 
halophosphates: the first is the prepara- 
tion of calcium phosphate of suitable 
purity and physical condition, the second 
being a thermal treatment in which the 
mixture of raw materials is fired in a 
suitable atmosphere at a temperature of 
1050~1200°C. Doherty and Harrison” gave 
a detailed description of dry and wet syn- 
theses, while Wanmaker, Hoekstra and 
Tak”? and Wanmaker and Verheyke” in- 
vestigated the second stage (thermal treat- 
ment) of the preparation. We have investi- 
gated the first stage and found the depend- 
ence of the characteristics of calcium 
halophosphates on the conditions for 
preparing secondary calcium hydrogen 
phosphate. 

Three samples of calcium phosphate were 
prepared as follows: 

Sample I,:----- Pure phosphoric acid, which was 
prepared by the reaction of the purified di- 
ammonium hydrogen orthophosphate with 
distilled nitric acid, was reacted with purified 
calcium carbonate at pH 3.6 and about 30°C. 

Sample Ip::---- The same as I, except that the 
reaction between phosphoric acid and calcium 
carbonate proceeded under water cooling 
(about 10°C). 

Sample II------ Purified diammonium hydrogen 
orthophosphate solution was added to purified 


1) H. G. Jenkins, A. H. McKeag and P. W. Ranby, 
Trans. Electrochem. Soc., 96, 1 (1949) ; A. H. McKeag 
and P. W. Ranby, Brit. Pat., 578,192 (1942). 

2) R. Nagy, R. W. Wollentin and C. K. Lui, Trans. 
Electrochem. Soc., 95, 187 (1949). 

3) M. Doherty and W. Harrison, British J. Applied 
Phys., Supplement No. 4, p. 11 (1955). 

4) W. L. Wanmaker, A. H. Hoekstra and M. G. A. 
Tak, Philips Res. Repts., 10, 11 (1955). 

5) W. L. Wanmaker and M. L. Verheyke, Philips 
Res. Repts., 11, 1 (1956). 





calcium nitrate solution at pH 3.6 and boiling 

temperature. 
All raw materials were purified by the process 
described in a previous paper® and their purity 
was established spectrographically. The results 
of chemical analyses fos these samples are shown 
in Table I, where values in the forth column 
were calculated from those in the second one, 
while those in the fifth column were calculated 
from those in the second and fourth ones. 
Employing them as one of the starting materials 
for the preparation of calcium halophosphate, 
phosphors were prepared as follows: 


CaHPO, 27.0 CaCO; 8.8(1) or 8.6(II) 
CaCl.-2H,O 1.8 CaF. 1.7 Mn _ phosphate 
1.0 Sb.O; 1.1 (g.). 


They are mixed by ball mill and fired at 1175°C 
for one hour (40g. for one batch). The bright- 
ness of fired samples before and after grinding 
is shown in Table II, where the value of 100 is 
given for American commercial phosphor (West- 
inghouse 4500°K white). Their emission spectra 
illustrated in Figure 1 were obtained by means 


* of spectroradiometer”. The residual amounts of 


activators after firing were determined polaro- 
graphically» and the results are given in Table 
III. 

Jenkins, McKeag and Ranby” found that 
the precipitate obtained from aqueous 
solutions of calcium chloride and diam- 
monium hydrogen phosphate consists of 


TABLE I 
ANALYSIS OF SECONDARY CALCIUM HYDROGEN 
ORTHOPHOSPHATE 
Sample CaO H.O P.O; CaO/P.0O; Density 


No. (caled.) (caled.) of Bulk 
Ia 40.30 t.8 51.92 0.776 0.71 
Ip 40.32 7.73 51.95 0.776 0.65 
II 40.63 1.55 51.82 0.784 0.44 
Theor. 41.21 6.62 52.17 0.790 
TABLE II 
THE BRIGHTNESS OF CALCIUM HALOPHOSPHATE 
PHOSPHORS 
Sample No. Before Grinding After Grinding 
I, 90 88 
I), 96 91 
II 91 91 


6) Y. Kotera and T. Sekine, This Bulletin, 27, 13 
(1954). 

7) Y. Kotera, Rept. Govt. Chem. Ind. Research Insti- 
tute, Tokyo, 5O, 398 (1955). 

8) Y. Kotera, M. Yonemura and T. Sekine, This 
Bulletin, 28, 132 (1955). 
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TABLE III 
ANALYSIS OF RESIDUAL AMOUNT OF ANTIMONY 
AND MANGANESE IN CALCIUM HALOPHOSPHATE 


PHOSPHORS 
Sample No. Antimony Manganese 
(g./g.) (g./g-) 
;. 0.0056 0.0086 
Ii, 0.0057 0.0081 
I, (before grinding) 0.0059 0.0078 
II 0.0049 0.0086 
W estinghouse 1500°K 0.0070 0.0069 
white 
W estinghouse 3000°K 0.0040 0.0095 
white 


‘CaHPO,:2H-O when precipitated cold and 
CaHPO, when precipitated from boiling 
solutions. We found that, although calcium 
phosphate was prepared by almost the same 
processes, the ratio CaO: P.O; changes ac- 
cording to small differences of the prepar- 
ing conditions and chemical analysis is 
necessary for the determination of the 
mixing ratio for resulting phosphor (Table 
I). The characteristics of phosphors with 
the same mixing ratio (Ia and Ip) are how- 
ever affected by the conditions for prepar- 
ing calcium phosphate. In particular, the 
initial brightness and its decrease during 
grinding shown in Table II depend on 
these conditions, indicating that the im- 
perfections of the phosphor crystal, which 
might be related to the brightness and its 
decrease, would be affected by the physico- 
chemical properties of raw materials. 
This idea is supported from the analytical 
result for the residual activator amount 
as given in Table III. Whether the mig- 
ration of antimony and manganese in the 
apatite lattice and the formation of active 
centers are easy or not, might depend 
upon the properties of integrants. The 
spectral energy distribution curves illu- 
strated in Fig. 1 show a little difference 


Fig. 1 





between phosphor samples and this fact 
might be explained by the idea described 
above. 

A detailed account of this work will be 
published elsewhere. 


Government Chemical Industrial 
Research Institute, Tokyo 





Synthesis of Co-ordination Compounds of 
High Molecular Weight 


By Seiichi KANDA and Yoshihiko Saito 
(Received November 19, 1956) 


An attempt has been made to synthesize 
polymers through co-ordination with 
metals. When bifunctional co-ordinating 
units enter into combination witha certain 
metal, linear polymers of the type -A-M 
A M A would be formed. Very little is 
known about the physico-chemical proper- 
ties of such co-ordination polymers. The 
linear shape of the compounds would make 
them interesting subjects for various phy- 
sico-chemical studies. 

Along this line, two groups of compounds 
were synthesized : metal complexes of 1,6- 
dihydroxyphenazine (A) and those of 2,5- 
dihydroxybenzoquinone (B), 


OH O 
I OH 
N eS 
N J Pd 4 
OH | 
OH O 
(A) (B) 


It was found that (A) gives stable co- 
ordination compounds with Cu (II), Ag 
(I), Fe (III) and Hg (II). For instance, 
when an alcoholic solution of (A) was 
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added to an aqueous solution of Cu (II) 
sulfate or acetate, a black precipitate 
formed at once, which was so fine that it 
was necessary to use a centrifugal machine 
to separate it from the solution (Found: 
Cu, 22; C, 52.22: N, 10.58; H, 2.35. Calcd. 
for CuC,.H;O.N2: Cu, 23; C, 52.65; N, 10.28; 
H, 2.95%). Electron micrograph of the 
precipitate showed circular image of dia- 
meter ranging from 0.lu to lu. Cores- 
pondingly x-ray diffraction pattern obtain- 
ed by using Norelco x-ray diffractometer 
showed two diffuse haloes. 

Cu (IID, Ni (D and Cd (II) form com- 
plex compounds with (B) by simply mixing 
aqueous solutions of these metal salts and 
an aqueous solution of sodium salt of (B) 
or an alcoholic solution of (B). Element- 
ary analyses showed that all these com- 
pounds are 1:1 complexes. For example, 
Cu (II) compound was obtained as dark 
green precipitate (Found. Cu, 30; C, 35.5; 
H, 1.52. Calcd. for CuC;H.O;: Cu, 31.6; 
C, 35.8; H, 1.0%). Under certain con- 
ditions, it suspends in water, forming 
colloidal solution, which can be kept un- 
changed over two months. The solution 
exhibited streaming double refration. 
Electron micrographs of the compound 
revealed that it consists of small rodlike 
crystals of dimensions 100 500 my in length 
and 50 my in width. P. V.A. film contain- 
ing the colloidal particles of this compound 
shows, on stretching, marked dichroism: 
by plane polarized light whose electric 
vector is parallel to the direction of stret- 
ching the film seems to be brown, while 
it is almost colorless when the electric 
vector is perpendicular to the direction 
of stretching. This anisotropy in absorp- 
tion was measured by means of a Beck- 
man Model DU spectrophotometer. A 
strong absorption band was found at 25x 
10°cm=! (400 my). 

The results of elementary analyses indi- 
cate that all these compounds are co- 
ordination polymers. Moreover, the ob- 
servations on Cu(II)-(B) complex appear 
to suggest that this compound is a linear 
polymer. Various physico-chemical studies 
including structure analyses are now going 
on. The details of the work will be pub- 
lished later. The authors express their 
sincere thanks to Dr. M.L. Huggins* for 
Suggesting this problem. 


Institute of Polytechnics Osaka City 
University, Osaka 


* Fulbright Exchange Professor, Osaka and Kyoto 
Universities, 1955-1956, on leave from the Research 
Laboratories of the Eastman Kodak Company, Rochester 
4, New York, U. S. A. 
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Relation between Foaming Properties and 
the Structure of Surfactant Solution 


(Determination of Critical Micelle 
Concentration of Sodium Dodecyl 
Sulfate by Foaming Power 
Measurement) 


By Maresuke KASHIWAGI 
(Received November 12, 1956) 


Because of the difficulty to make accu- 
rate reproducible measurement and accord- 
ingly to interpret experimental data quan- 
titatively, the foaming power measurement 
has been applied largely to find only rela- 
tive foaming power of a detergent solution. 

The author, however, found a very 
useful technique in the foxyming power 
measurement concerning the study of the 
structure of detergent solution. The 
method applied here is that of Ross-Miles”’ 
since this gives the most reproducible 
results among other methods. 


Experimental 


The apparatus used has somewhat different 
size from the standard Ross-Miles apparatus 
which is shown in Fig. 1. The diameter of a 


reservoir 


800 mm 





Ross-Miles apparatus. 


Pig. i. 


receiver containing the sample is 55 mm. instead 
of usual 50mm. and the height from the orifice 
of a pipette reservoir to the level of the bottom 
solution is 800 mm. instead of 900mm. The other 
parts are the same. The temperature is kept 
at 40+0.1°C. The height of the foam part is 
measured from the water level to the top of the 
foam part by the mm. scale marked on the re- 


1) J. Ross, G. D. Miles, Oil and Soap, 18, 99 (1941). 


































































ceiver. The analysis of sodium dodecyl sulfate 
shows that 98.72% is an active substance in 
which unreacted alcohol amounts 0.74% and very 
small quantity of alkali is also present. 

The data are averaged over three measure- 
ments and reproducibility was found to be very 
good. 

This is plotted on a graph as shown in Fig. 2. 


2.2} rs 


fF --- foaming power 


mint 


20, 0.1 0.2 0.3 0.4 


Wentratior 


Fig. 2. Foaming power of sodium dodecyl 


sulfate. 
From the curve it is very clear that there is < 
marked singular point (i.e. critical 
centration) at around the concentration of 7» 
10-3 M. 
tension (7.2«10-3M)», conductivity 
M)® and viscosity (9x10-%M)*® data. 


(7.2 x 10 


2) J. Powney and C. C. Addison, Trans. Faraday 


Soc., 33, 1243 (1937). 


3) H. F. Ward, Rroc. Roy. Soc. London, 176A, 412 
(1940). 
1) K. Hess, W. Philippoff and H. Kiessig, Kolloid Z., 


$8, 40 (1939). 
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This is in good agreement with surface 
3 
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Conclusion 


The application of Ross-Miles method 
measuring foaming properties of detergent 
solution is found to be useful for the study 
of the structure of surfactant solution, and 
critical micelle concentration of aqueous 
sodium dodecyl sulfate is determined, 
which shows a good agreement with the 
values from other methods. 

The same method is being applied to 
many other surfactants including soaps 
and the detail of the work will be pub- 
lished elsewhere. 

The author expresses deep thanks to 
Mr. H. Ezaki and Dr. I. Odaira for their 
constant encouragement throughout this 
research project. 


Mitsuwa Chemical Laboratory 
Marumiya Co. Lid., Tokyo 





Syntheses of Kinetin-analogs. I* 


By F. Shigeo OkumurRA, Mitsuo MAsuMurRa, 
Toshiyuki Morokx!, Tadashi TAKAHASHI 
and Susumu Kuralsui** 


(Received November 2, 1956) 


The discovery of kinetin”, 6-(2-furfury])- 
aminopurine (isolated from autoclaved 


* Presented at the meeting of the Chugoku-shikoku 
Branch of the Chemical Society of Japan, Niihama, Oct 
18 th. 1956. 

** Botanical Institute, Faculty of Science, Univ: of 
Tokyo. 

1) C. O. Miller, F. Skoog, F. S. Okumura, M. H. Von 
Saltza and F. M. Strong, J. Am. Chem. Soc., 77, 1392, 
2662 (1955) ; 78, 1375 (1956). 





SYNTHESES OF 6-SUBSTITUTED PURINES 


Temp. ( C) 


Purine and time i “ing 
(hr.) of run ” 
§-(2-Theny]l)-amino” 120-30¢, 12hr. 19.3 
120-59, 10. 39.9 
6-Benzylamino-” 120-5, 10. 14.3 
6-(a-Phenylethy]l)- 120-30¢>, 8. 34.2 
amino-“) 
6-(n-Amy]l)-amino- 90-1008, 15. 36.7 
6-(n-Hexyl]l)-Amino- 130-5, 9. 31.0 
6-(p-Methoxybenzyl)- 120-30", 8. 18.2 
amino- 
6-(3, 4-Dimethoxy- 120-5, 10. 18.1 


benzyl)-amino 
6-(3, !-Methylenedioxy- 120-302 : 12. 10.3 

benzy])-amino- 
6-Furfurylthio-? h 


Analysis 
M. p. " » 
(C) C H N 
Caled Found Calcd Found Calcd Found 
247-7.5'12 52.17 51.94 3.48 3.70 30.43 30.18 
229.-300 64.29 64.01 1.46 1.76 eS 31.00 
240-1) 65.55 65.29 5.04 5.27 29.41 29.19 
164-5) 58.82 58.50 6.86 7.03 34.31 34.15 
177-8© 60.23 60.13 7.82 7.70 
233-41) 61.42 61.15 1.72 5.00 27.56 21.2 
240.5-1i) 59.16 59.41 $4.93 5.10 24.65 24.55 
259-60'2 58.21 57.95 3.73 4.02 26.12 25.90 
174-5* Sa.de wee 68. CUS. 
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TABLE II 
SYNTHESES OF 6-SUBSTITUTED 3-METHYLPYRIDAZINES 


Temp. (°C) 
and time 
(hr.) of run 


3-Methylpyridazine bry 
oO 
66.0 
59.0 
56.0 
81.0 


79.5 


1259, 24 hr. 
100-30, 18. 
1009, 1. 
130, 20. 
1259, 18. 


6-(2-Furfuryl)-amino- 

6-Benzylamino- 

6-Anilino- 

6-(2-Thenyl)-amino- 

6-( p-Methoxybenzy])- 
amino- 


6-(3, 4-Dimethoxy- 
benzyl) -amino- 


135-409, 16. 49.6 


a) M.p., 241.5-2°C®, M. p., 250°C. 
c) M.p., 199-202°C®. 4d) 
g) Inair without COs. h) 

(Solvents of recrystallization) 
k) 60% alcohol 1) Water 


sperm deoxyribonucleic acid as a cell divi- 
sion factor for tobacco callus tissue), has 
stimulated an interest in preparing various 
6-substituted purines through the use of 
6-chloropurine®* or 6-methylmercapto- 
purine” as possible cytokinetic agents. 

Recently Kuraishi and Okumura” found 
that kinetin is the leaf-growth factor for 
Raphanus sativus L. 

In Tokushima we have’ synthesized 
various kinetin-analogs such as_ 6-sub- 
stituted purines and 6-substituted 3-methy]l- 
pyridazines by condensing 6-methylmer- 
captopurine” and 6-chloro-3-methy]pyrida- 
zine” respectively with various amines. 
The results are shown in Tables I and II. 

The biological test on 6-(2-thenyl)-amino-, 
6-benzylamino- and 6-z-hexylamino-purines 
prove to have the same effect on the 
growth of Raphanus leaf as kinetin. It is 
very interesting that 6-benzylaminopurine 
shows leaf-growth activity but 6-phenyl- 
ethylaminopurine does not. 


The authors are indebted to the research 
institute of Tanabe Parm. Co. in Tokyo 
for the microanalyses. 


Department of Applied Chemistry 
Faculty of Engineering Tokushima 
University, Tokushima 


2) J. W. Daly and B. E. Christensen, 
21, 177 (196). 

3) M. W. Bullock, J. J. Hand and E. L. R. Stokstad, 
J. Am. Chem. Soc., 78, 3693 (1956). 

4) C. G. Skinner and W. Shive, ibid., 77, 6692 (1955). 
5) S. Kuraishi and F. S. Okumura, Bot. Mag. 
(Tokyo), 69, 300 (1956). 

6) G. B. Elion, E. Burgi and G. 
im. Chem. Soc., 74, 411 (1952). 

7) W. G. Overend and L. F. Wiggins, 
4947, 239. 


J. Org. Chem., 


H. Hitchings, J. 
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(C) 


161-2) 

138 5-9) 
167 5-8) 
178-9m) 20.49 20.21 
142-3) 18.34 18.25 


M. p., 178-8.5°C®. 
Prepared with 6-mercaptopurine and furfurylchloride in air. 


Analysis 
Cc H N 
Caled Found 


22.22 22.05 


Caled Found 
6.06 
6.68 21.11 21.01 
6.14 22.70 22.82 


Caled Found 
63.49 63.68 5.82 
72.36 72.10 6.53 
711.36 7151 5.% 


127-8 16.22 16.01 


b) M.p. 231°C”, M. p. 229°C®, M. p. 216-8°C». 
e) In H,.-Stream. f) In sealed tube. 


i) Absolute alcohol j) Benzene 


m) Alcohol 


Chemical Structure of Deoxynupharidine, 
the Alkaloid Obtained from Nuphar 


Japonicum 


By Munio KorakE, Shiro KUusuMoToO 
and Takashi OHARA 


(Received December 18, 1956) 


Hofmann degradation and subsequent 
ozonolysis of deoxynupharidine, C,;H.»,NO 
(I), the alkaloid obtained from the roois 
of Nupher Japonicum afforded 3-furaldehyde 
(Dimedone’ derivative, m.p. 167-170’, 
Found: C, 70.35; H, 7.18. Caled. for C.;H.,O; : 
C, 70.39; H, 7.26), which was identified 
by silver oxide oxidation to 3-furoic acid 
(m. p. 122-123°. Found: C, 53.89; H, 3.47. 
Calcd. for C;H,O;: C, 53.57; H, 3.57), and 
characterization of the latter by means of 
mixed melting point and infrared spect- 
rum. Compound I which gives an orange 
colored Ehrlich reaction, has a Amax at 
213 mu (log €é=3.9), and shows infrared 
absorptions at 873, 1500, and 3120cm™ cor- 
responding to a furan ring; these absorp- 
tion maxima and coloration dissappear 
upon conversion into tetrahydrodeoxynu- 
pharidine by catalytic reduction of I. 

Palladium dehydrogenation of I, or de- 
hydrogenation of C;;H,,NO-CHs:, (II) (Per- 
chlorate, m. p. 97-98°) resulting from Hof- 
mann degradation and catalytic reduction 
of (1), afforded C;;HivON (III) (Platinum 
chloride complex, m.p. 155-160°) ; potas- 
sium permanganate oxidation of (III) yielded 
pyridine 2,5-dicarboxylic acid (Dimethyl- 
ester, m.p. 163-164°. Found: C, 55.36; H, 
4.39; N, 7.24. Caled. for CoHyNO,: C, 55.33 ; 
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H, 4.56; N, 7.11), which was identified 
through a mixed melting point test and 
infrared absorption comparison with an 
authentic sample. 

Further Hofmann degradation and ozo- 
nolysis of II gave a dicarboxylic acid, 
m. p. 84.5-85° (Found: C, 52.78: N, 7.22. 
Caled. for C,H:,0,: C, 52.50; H, 7.50.), 
which was shown to be a-methyladipic acid 
from the infrared spectra of its dimethyl 
ester and p-bromophenancyl ester (mea- 
sured in chloroform). 

An acid, m. p. 181-183° (Found: C, 68.07; 
H, 9.85; N, 6.53. Calcd. for C,,H2,NO,: C, 
68.25; H, 10.02; N, 6.64.), resulting from 
the nitric and chromic acid oxidation of 
I, and the two pKa’ values at 2.0 and 10.8 
suggested that it is presumably an a@-amino 
acid of formula IV. 

The mentioned facts point to the proposed 
structure I, and the reactions involved 
may be represented by the following 
scheme : 


—- oi 


m| * 


COOH 


Ay 
\ A 
Y 


COOH 


HOOC-(CH,)- CH COOH 
| 
CH 
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The Competitive Nitration of Biphenyl and 
Benzene by Nitric Acid in Acetide 
Anhydride 


By Osamu SIMAMURA and 
Yoshiyuki Mizuno 


(Received December 10, 1956) 


Biphenyl is known to undergo electro- 
philic substitutions at positions 2 and 4”, 
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and the chlorination in acetic acid” and 
the Friedel-Crafts acetylation” have been 
shown to take place more rapidly than 
benzene. In accord with these observa- 
tions, a theoretical consideration by means 
of the molecular orbital method” predicts 
more facile substitutions at positions 2 and 
4 of biphenyl than at one nuclear position 
of benzene. The relative rate of nitration 
of biphenyl appeared, however, to have 
not yet been studied experimentally, and 
we have been carrying out experiments on 
this subject and also on the nitration of sub- 
stituted biphenyls to elucidate the nature 
of the polar effect of substituents in the 
biphenyl system in general. In view of 
the recent announcement in the Current 
Chemical Papers, 1956, No. 9, that Dewar 
and his collaborators have published sever- 
al papers concerning the nitration of 
aromatic hydrocarbons including biphenyl, 
which are not yet available to us, we 
wish to publish here part of the results 
of our study on the nitration of biphenyls. 
The experimental conditions and the 
results are listed in Tables I and II. 


TABLE I 
COMPETITIVE NITRATION OF BIPHENYL AND 
BENZENE 
Expt. No. 1 
Benzene (millimol.) 125 
Biphenyl (millimol.) (ee: 
Acetic Anhydride 200 
(millimol.) 
Nitric Acid (millimol.) 10 
Reaction Time (hrs.) 3 
Nitrobenzene formed 2.34 
(millimol.) 
Nitrobiphenyls formed 
(millimol.) 
Relative Rate 12 


6.99 


TABLE II 
THE ISOMERIC RATIO OF NITROBIPHENYLS 
FORMED AND THE PARTIAL RATE FACTORS 
FOR THE NITRATION OF BIPHENYL 
Nuclear Position 2- 3- 
Isomer Formed (2%) 68 <1 
Partial Rate Factor 4] <0.6 


A mixture of biphenyl and benzene was nitrated 
with nitric acid in acetic anhydride at 0°C. The 
reaction mixture was added to 400cc. of ice 
water, left to stand over-night, neutralized with 


1) For a review of the literature see Y. Mizuno, / 
Soc. Org. Synthet. Chem., Japan, 14, 479 (1956). 

2) P. W. Robertson, cited by P. B. D. de la Mare 
J. Chem. Soc.. 1954, 4450. 

2) Y. Ogata and R. Oda, Bull. Inst. Phys. Chom. 
Research (Tokyo), 21, 728 (1942). 

4) F. Seel, Z. Naturforsch., 3a, 35 (1948): R. D 
Brown, J. Am. Chem. Soc., 75, 4077 (1953). 
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sodium hydrogen carbonate and extracted thor- 
oughly with ether. The ethereal solution was 
washed with water and dried over anhydrous 
calcium chloride, and the ether and part 
of benzene were removed through a Vigreux 
column. The residue was analyzed for the nitro 
group by titrating an aliquot with 0.1 Nn titanium 
trichloride to determine the total amount of the 
nitration products. The remainder of the residue 
was distilled at 20 mmHg, with occasional addi- 
tion of a little aniline as a carrier for nitroben- 
zene, until removal of nitrobenzene was complete. 
Analysis for the nitro group of an aliquot por- 
tion of the residue from this distillation gave 
the amount of isomeric nitrobiphenyls formed 
and hence that of the nitrobenzene by difference. 
These analytical results gave the relative rate 
of nitration of biphenyl with respect to benzene 
(Table I) according to the method of Ingold and 
Shaw». The remaining mixture of nitrobiphenyls 
and unreacted bipheny] was dissolved in petroleum 
ether and chromatographed through a column of 
alumina, yielding a mixture of isomeric nitro- 
biphenyls, the composition of which was esti- 
mated spectrophotometrically (Table II), absorp- 
tions at 245, 250, 262.5, 300 and 310 mz being used. 
In a separate experiment, nitration of biphenyl 
without benzene under otherwise the same experi- 
mental conditions as above gave a mixture of nitro- 
biphenyls of the same isomeric composition. The 
ratio of the isomers formed and the relative 
rate (the mean value of 40) gave the partial rate 
factors for the nitration of biphenyl, the rate 
constants of separate nuclear positions of biphenyl 
relative to one nuclear position of benzene as 
unity. 


The present results show that positions 
2 and 4 of biphenyl are very much acti- 
vated towards nitration by the electro- 
meric effect of the phenyl group, whereas 
position 3 is deactivated, probably owing 
to the electron attracting inductive effect 
of the phenyl group. The possibility can 
not be excluded that the deactivation is 
attributable to a destabilizing conjugation, 
in the transition state, of the substituent 
phenyl group with the nucleus undergoing 
substitution at position 3. 


Department of Chemistry 
Faculty of Science 
Tokyo University 
Tokyo 


C. K. Ingold and F. R. Shaw, J. Chem. Soc., 1927, 
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Nuclear Magnetic Resonance of Deuterated 
P.V.A. Films 


By Masako Yosuipa, Minoru Opajima, 
Koji TANAKA and Ky6z6 YAMAGATA 


(Received November 20, 1956) 


In our previous communication”, it was 
described that the derivative curve of the 
nuclear magnetic resonance absorption 
of P.V.A. fiber was composed of two 
parts; one is at the center and very nar- 
row in width and the other very broad. 
In order to investigate what kinds of hydro- 
gen atoms these two parts were based on, 
we measured the proton reaonance in the 
deuterated P. V. A.” 

The films used for this experiment were 
cast from about 2.5% aqueous solution of 
the purified and fractionated P. V.A., on 
a glass plate placed horizontally in an 
air thermostat at 50°C. The films were 
about 0.1 mm. thick, and were cut in pieces 
with the size of about 5mm. x20 mm. 

The heavy water vapour was passed for 
about one hour through the glass tubes 
mounted by P. V. A. films. One deuterated 
sample was sealed in an evacuated glass 


tube, and the other was sealed in a glass 


tube with the atmosphere of heavy water. 
As shown in Fig. 1, the derivative curves 
of nondeuterated P. V. A. film was almost 


18.4% 
__ 88 


2 4.4 66 7 110Gaues 


_ / 
“” 


‘ 
Non deuterated and vacuum-dried sample 


18.4% 


<— 11.0 Gan 


Deuterated and vacuum-dried sample 
Fant) 
/ 18.4% 


a. 





2.2 44 66-110 Ga 


xs a 


{ 
The sample deuterated and adsorbed with 
heavy water 


Mod. 


<--> 


Fig. 1. Derivative curves of P. V. A. films. 


1) Koji Tanaka, Ky0zO Yamagata and Shigeyoshi 
Kittaka, This Bulletin, 29, 843 (1956). 

2) Hiroyuki Tadokoro, Syuzo Seki and Isamu Nitta, 
ibid., 28, 559 (1955). 
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similar to that of P. V. A. fiber previously 
communicated. In deuterated and dried 
film, the broad component became narrow 
slightly. In the sample deuterated and 
adsorbed with the heavy water, the center 
peak became stronger and the width of 
the broad component became narrower 
than those of the dried sample, respec- 
tively. 

The above result may be interpreted 
as follows. That is, some parts of the 
hydrogen atoms in O—H groups in P. V.A. 
molecules were exchanged by deuterium 
and partly swelled by heavy water so that 
the hydrogen atoms of the deuterated 
molecules became less rigid than those of 
nondeuterated molecules. 


The authors wish to express their ap- 
preciation to Prof. Masatami Takeda for 
his kind discussion on our works. 


Tokyo College of Science, Tokyo 


On the Crystal Structure of 2, 2-Dichloro- 


3, 3-dimethylbutane 


By Tsutomu Kobe, Tsutomu ODA 
and Isamu Nitrtra* 
(Received December 4, 1956) 


Hexachloroethane and hexamethylethane 
are characterized by relatively high melt- 
ing points, 185°C and 100.6°C, respectively ; 
by polymorphism in the solid state, the 
transition points being 43°C and 71°C for 
hexachloroethane” and —125°C for hexa- 
methylethane”; and by high symmetry of 
the high temperature modifications, as 
shown by optical isotropy and confirmed 
by x-ray studies’. Recently, it has been 
confirmed” that hexabromoethane is also 
isotrimorphous’ with hexachloroethane. 
It seems of interest to examine what will 
occur in the phase just below the melting 
point of a hexa-substituted ethane of the 


* Faculty of Science, Osaka University. 

1) I. Nitta and S. Seki, J. Chem. Soc. Japan, 62, 
581 (1941); K. J. Ivin and F. S. Dainton, Tvans. 
Faraday Soc., 43, 32 (1947); S. Seki and M. Momotani, 
This Bulletin, 23, 30 (1950). See also O. Lehman, Z. 
Krist., 1, 106 (1877) ; ibid., G6, 584 (1882). 

2) G. S. Parks, H. M. Huffman and B. Thomas, /. 
Am. Chem. Soc., 52, 1032 (1930). 

3) C. D. West, Z. Krist., 88, 195 (1934). 

4) C. Finbak, Tids. Kjem. Bergv. 17, No. 9, 2 (1937). 
M. Atoji, T. Oda and T. Watanabé, Acta Cryst., 6, 268 
(1953) . 

5) G. J. Snaauw and E. H. Wiebenga, Rec. Trav. 
Chim. Pay-Bas., 61, 3 (1942). 

6) B. Goszner, Z. Arist., 38, 151 (1904). 
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type of (CH:;),.Cl;_,.CC(CHs),’Cl3_.'". We 
have carried out an x-ray diffraction study 
of 2,2-dichloro-3,3-dimethylbutane, which 
was reported” to have high volatility and 
a relatively high melting point such as 
151-152°C. 

This compound was prepared by the 
method of P. D. Bartlett and L. J. Rosen’. 
Pinacolone was added to powdered pho- 
sphorus pentachloride with mechanical 
stirring, the reaction being maintained at 
about 5°C. The time of addition was about 
three hours, after which stirring was 
continued for ten hours. This mixture was 
poured on ice. The solid was removed by 
filtration, washed with water, and air- 
dried. It was recrystallized twice from 
ether and then subjected to sublima- 
tion twice under abuot 20mmHg. The 
solid is volatile and plastic, its vapour 
having a camphoric odour. A _ melting 
point of 151°C was observed in sealed tubes. 
The crystals were found to be optically 
isotropic. 

Using Cu Ka radiation and materials 
sealed in thin-walled capillary tubes, we 
prepared x-ray powder photographs, in 
which seven lines appeared. The reflec- 
tions were indexed with a body-centered 
cubic lattice, the edge length being 7.58 A. 
By suspension in a solution of sodium 
chloride in water, the density of the solid 
was measured as 1.17 g./cc. at 23°C. Hence 
it was found that the unit cell contains 
two molecules, yielding the calculated den- 
sity as 1.18 g./cc. 

Since the lattice is body-centered and 
the unit contains two molecules, we may 
place them at the lattice points 0, 0, 0 and 
1/2, 1/2, 1/2, of which the symmetry should 
be at least 7-23. On the other hand, as 
the rigid molecule of (CH;);C-C(CH;) Cl, can 
have at the highest only one plane of 
symmetry which contains the central C-C 
bond axis, it becomes necessary to consider 
some statistical explanation of the struc- 
ture, as is always so in plastic crystals*"”. 
In order that the statistical symmetry of 
the molecule be higher than 7-23 at 0, 0,0 
and 1/2, 1/2, 1/2, the molecule of the sym- 
metry C.-m should orientate its central 
axis C-C parallel to each one of the four 
body-diagonals statistically equally and at 


7) P. D. Bartlett and L. J. Rosen, J. Am. Chem 
Soc * G4, 543 (1942). 

8) J. Timmermans, J. Chim. Phys., 35, 331 (1938) ; I 
Nitta and T. Watanabé, This Bulletin, 13, 28 (1993) ; 
T. Oda and T. Watanabé, J. Chem. Soc. Japan. 65 
154 (1944) ; T. Oda and I. Nitta, ibid., 65, 621 (1944) - 
R. S. Schwartz, B. Post and I. Fankuchen, J. Am 
Chem. Soc., 73, 4490, 5113 (1951); T. B. Reed and W 
N. Lipscomb, Acta Cryst., 6, 108 (1953). 
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the same time laterally so that the C-C 
axis acquires a statistical symmetry of 3 
at least. It is also conceivable that the 
observed feature of x-ray diffraction can 
be explained by molecules in free rotation 
about the central C-C axis. Which one is 
the case of the present statistical structure 
seems almost entirely indiscriminable from 
consideration of intensity data, since the 
lines are so few as mentioned above. 
However, it may be said that this struc- 
ture is statistically isomorphous with cubic 
hexamethylethane at room temperatures 
and hexachloroethane above 71°C. The 
edge length 7.58A is between those” of 
7.69 A for C.(CH;), and 7.43 A for C.Cl, at 
80°C. In the diffraction of x-rays by the 
present crystal, we have observed, simi- 
larly to those hexa-substituted ethanes 
stated above, very rapid decrease of inten- 
sity with increasing angles of scattering, 
which is evidently in close relationship 
with the disordered orientation of the 
molecule in intense thermal motion. 

It will be expected that such “‘ rota- 
tional’’ mode of the molecule in the cry- 
stal will change at lower temperatures. 
We have undertaken a differential thermal 
analysis and observed, on its heating curve 
from liquid air temperature, anomalous 
heat effect at about —94.9°C and a small 
effect at —75.1°C. Asa result, x-ray stu- 
dies of single crystals of probably ordered 
phase below the transition point must 
await techniques for the growth of the 
single crystals below this temperature. 


In conclusion, we should express our 
hearty appreciation to Doctor S. Seki, 
Faculty of Science, Osaka University for 
his gracious interest during this work. 
We also wish to thank Mr. H. Chihara for 
his kind aid. The cost of this research was 
defrayed from the Scientific Research 
Grant from Ministry of Education, to which 
the thanks of the present authors are due. 
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SHORT COMMUNICATIONS 199 


A Method for the Preparation of the Raney 
Nickel Catalyst with a Greater Activity” 


By Shigeo NISHIMURA and 
Yoshiyuki URUSHIBARA 


(Received November 20, 1956) 


The authors have found that the Raney 
nickel catalyst loses partly its activity 
during the development from the alloy 
with a strong caustic alkali, and that, by 
adding the alkali in portions to the alloy 
instead of adding the alloy in portions to 
the alkali, a greater activity is obtained. 
The procedure is described by an example 
as follows: 

Two grams of a Raney alloy, consisting 
of 40% of nickel and 60% of aluminium, 
and 6cc. of water are placed in a conical 
flask of 25cc. capacity and warmed ona 
waterbath of 50°C, and 0.1 cc. of 40% caustic 
soda is added with vigorous stirring. The 
mixture is stirred vigorously at the tempe- 
rature until the violent reaction subsides 
and the alloy is covered with grey films. 
Then 6cc. of 40% caustic soda is added 
in portions slowly at the beginning but 
at a growing speed as long as the reac- 
tion does not become too violent, which 
needs about five minutes. The mixture 
is stirred at the same temperature just 
until the grey precipitate in the liquid 
becomes nearly white. The time needed 
for the digestion depends on the nature 
of the alloy used. The upper liquid is 
removed and the metal is washed three 
times with 10cc. of distilled water and 
twice with 10cc. of ethanol by decantation. 

The catalyst prepared in this way re- 
duces 3.926 g. (0.04 mole) of cyclohexanone, 
dissolved in 20cc. of ethanol, to cyclo- 
hexanol in twenty-two minutes at 25°C 
and under the ordinary pressure. The 
reduction with a catalyst of W 7 type 
prepared by the procedure described by 
Adkins and Billica® from the same amount 
of the same alloy needs forty to fifty 
minutes under the same _ conditions. 
Similar results are obtained with other 
specimens of the Raney alloy, for instance 
an alloy containing 50% of nickel and 50% 
of aluminium. 


Department of Chemistry, Faculty 
of Science, The University 
of Tokyo, Tokyo 


1) Cf. Jiro Yasumura, ‘‘ Kagaku-no-Ryoiki”, Vol. 6, 
p. 733 (1952). 
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7O, 695 (1948). 
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